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ABSTRACT 


The  purpose  of  this  dissertation  Is  to  investigate  the  character¬ 
istics  of  si>ace-charge  flows  in  crossed  d-c  electric  and  magnetic  fields. 
The  investigations  include  theoretical  considerations  of  rectilinear 
laminar  space -charge  flow,  analog  and  digital  computer  euialyses  of 
electron  injection  systems  euid  experimental  studies  of  beam  character¬ 
istics.  In  general  the  results  provide  a  better  understanding  of  the 
operation  of  injected-beam  crossed-fleld  devices. 

The  performance  of  a  crossed-field  device  is  optimum  when  the 
electron  beam  satisfies  the  conditions  of  rectilinear  BriUouin  flow. 

For  any  given  circuit  voltage,  beam  current  and  magnetic  field  there  is 
a  unique  beam  which  satisfies  the  Brillouin  conditions.  This  leads  to  a 
theoretical  limitation  in  the  perveance  and  electronic  efficiency.  The 
analysis  of  various  theoretical  electron  gun  systems  indicates  that  the 
beam  characteristics  invariably  differ  from  the  ideal  conditions. 

Digital  and  emalog  computer  techniques  have  been  used  to  deter¬ 
mine  the  space -charge  flow  produced  by  various  electron  injection 
systems.  The  studies  indicate  that  the  electron  beam  characteristics 
for  various  Kino  gun  configurations  differ  noticeably  from  the  theoret¬ 
ical  results.  In  particular,  the  emission  from  the  cathode  is  nonunifoxm 
and  the  beam  nonlaminar .  However,  with  appropriate  electrode 
modifications  it  is  possible  to  Improve  both  the  uniformity  of  the 
emission  and  the  beam  laminarlty. 

The  digital  computer  analysis  of  Initial  velocity  effects 
Indicates  that  variations  in  the  normal  emission  velocity  component 
produce  essentially  no  change  in  the  electron  motion.  However,  any 
change  in  the  initial  tangential  velocity  results  in  significantly 
different  electron  trajectories. 

The  nonlaminar  injection  cf  electron  streams  into  the  anode -sole 
region  was  investigated  by  means  of  the  digital  computer.  The  general 
results  indicate  that  crossed-field  space -charge  flows  are  extremely 
sensitive  to  transverse  forces .  Consequently  beams  which  are  Improperly 
injected  are  observed  to  undulate,  vary  in  thickness  and  become 
increasingly  nonlaminar. 

The  experimental  investigations  were  undertaken  in  eui  attempt  to 
evaluate  both  the  gross  and  microscopic  characteristics  of  the 
space -charge  flow.  The  experiments  Involved  the  use  of  an  Interception 
system  to  probe  the  beam  at  various  cross-sections  in  the  anode-sole 
region.  Generally  the  beam  exjjerienced  variations  in  thickness  and 
undulated  with  approximately  the  cyclotron  period.  The  space -charge 
densities  at  various  points  in  the  beam  were  found  to  be  between  0.5 
and  1,5  times  the  Brillouin  value.  The  results  also  indicate  that  the 
space -charge  flow  in  crossed-field  devices  is  generally  nonlaminar  with 
appreciable  intersecting  of  electron  trajectories. 
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CHAPTER  I.  DITRODUCTIOT 


1. 1  Preliminary  Remarks 

The  general  class  of  electron  tubes  ccomonly  referred  to  as 
crossed-field  devices  Involves  the  motion  of  electrons  throu^  orthogonal 
electric  and  magnetic  fields.  These  devices  are  Ideally  suited  for 
many  microwave  applications.  Figure  1.1  Illustrates  three  crossed- 
field  electrode  configurations  which  have  been  Investigated  and  used  In 
the  past.  Figure  1.1a  shows  a  cylindrical  magnetron  In  which  electrons 
are  emitted  from  the  entire  cathode.  Flgiure  1.1b  Is  essentially  a 
linear  version  of  the  cylindrical  device  since  It  also  Involves  the 
emission  of  electrons  from  the  entire  low  potential  electrode.  It 
differs  in  the  sense  that  the  beam  is  not  re-entrant  as  in  the  cylindrical 
magnetron.  Figure  1.1c,  however,  involves  the  formation  of  a  well 
defined  beam  from  a  relatively  narrow  cathode  and,  thus,  is  signifi¬ 
cantly  different  from  the  preceding  devices.  The  first  two  classes 
involve  the  saturation  of  the  cathode-anode  space  with  a  large  number 
of  electrons  whereas  the  third  device  requires  the  injection  of  a  strip 
type  electron  beam  into  a  parallel  plane  anode-sole  region.  The  electrode 
beneath  tne  beam  Is  referred  to  as  the  sole  and  that  above  the  beam  as 
tne  anode.  It  is  the  injected- beam  family  of  devices  which  frnis  the 
basis  of  this  dissertation. 

One  of  the  primary  requirements  for  the  successful  operation  of 
an  injected-beam  crossed-field  device  is  tne  establishment  of  a  well 
defined  laminar  electron  beam  in  the  anode-sole  region.  The  great 

importance  of  the  space-charge  flow  characteristics  can  be  demonstrated 
by  considering  the  fundamental  objective  of  the  device.  Figure  1.2 
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(O)  CYLINDRICAL  MAGNETRON 


(c)  CROSSED -FIELD  INJECTED-BEAM  DEVICE 

FIG  1.1  EXAMPI£S  OF  VARIOUS  CROSSED-FIEID  EIECTRON 


DEVICE  CONFIGURATIONS. 
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lllustrates  a  typical  tube  including  the  slow-wave  structure  which  is 
located  adjacent  to  the  anode.  The  structure  is  designed  so  that  the 
applied  r-f  signal  propagates  in  the  z-dlrection  with  a  velocity  approxi¬ 
mately  equal  to  the  velocity  of  the  electrons  in  the  beam.  Under  these 
conditions  the  electrons  remain  in  phase  with  the  r-f  signal  and  are 
able  to  exchange  energy  continuously  with  the  wave.  As  the  electrons 
lose  energy  to  the  wave  they  maintain  the  same  z-cooponent  of  velocity 
but  move  closer  to  the  structure  and  hence  to  higher  potentials.  Thus, 
the  ener i£y  conversion  mechanism  is  the  treuisference  of  potential  energy 
from  the  beam  to  the  r-f  signal  with  little  change  in  the  electron 
kinetic  energy.  Since  favorable  electrons  stay  in  phase  with  the  wave 
iintil  they  strike  the  slow-wave  structure,  the  efficiency  of  such  devices 
should  be  quite  high. 

The  ideal  electron  beam  for  such  a  device  is  one  in  which  all  of 
the  electrons  have  the  same  velocity  as  the  r-f  wave.  This  velocity 
must  also  satisfy 

i  J  (1.1) 

which  is  the  condition  required  for  balance  between  the  transverse 
electric  and  magnetic  fields  (E^  and  B  respectively)  acting  on  the 
electron.  However,  for  a  uniform  magnetic  field  it  is  impossible,  even 
in  theory,  to  have  a  finite  thickness  univelocity  beam  which  is  capable 
of  linear  motion  in  the  anode-sole  region.  (This  assumes  that  the 
electrcxis  are  all  emitted  from  a  unipotential  cathode.)  Consequently, 
there  must  be  a  velocity  variation  across  the  beam.  Those  electrons 
whose  velocities  are  less  than  the  r-f  wave  phase  velocity  abstract 
energy  from  the  wave  smd  are  detrimental  to  the  interaction  process. 
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Fortunately  these  electrons  continuoxisly  move  away  from  the  structure 
until  they  are  collected  on  the  sole. 

Obviously  the  characteristics  of  the  space-charge  flow  in  the 
interaction  region  exert  a  great  influence  on  the  performance  of  a 
crossed-field  device.  Since  the  electrons  at  a  given  cross  section 
must  have  different  velocities,  the  optimum  beam  is  one  in  which  the 
d-c  electrons  exhibit  rectilinear  laminar  flow  characterized  by  non- 
xntersecting  trajectories.  This  is  referred  to  as  a  rectilinear 
Brillouin  beam^^^  in  which  case  the  space -charge  density  is  constant 
and  the  electron  velocity  varies  linearly  across  the  beam.  This 
velocity  variation  is  required  to  provide  a  balance  between  the  trans¬ 
verse  electric  and  magnetic  forces  acting  on  the  individual  particles. 
Varioxjis  investigations^  have  indicated  that  the  Brillouin  beam  provides 
the  optimum  space-charge  flow  conditions  for  the  operation  of  crossed- 
field  amplifiers  and  oscillators.  Consequently,  rectilinear  laminar 
electron  beams  have  usually  been  the  objective  in  the  design  of 
crossed-field  injection  systems. 

As  indicated  above,  the  successful  operation  of  any  crossed-field 
device  requires  an  electron  injection  system  which  is  capable  of  producing 
an  acceptable  beeun.  In  0-type  devices  an  axial  magnetic  field  can  be 
applied  to  constrain  the  electrons  within  a  reasonably  small 
cross-sectional  area.  In  crossed-field  devices  there  is  no  comparable 
constraint  and  any  imperfection  in  the  beeun  as  it  enters  the  interaction 
region  will  necessarily  result  in  curvilinear  motion  of  the  electrons. 

The  evaluation  of  crossed-field  injected-beam  devices  requires  a 
fundeunental  xmder standing  of  the  formation  of  electron  beeuns  as  well  as 
a  thorough  knowledge  of  their  d-c  behavior.  Thus,  it  is  necessary  to 
consider  the  beam  characteristics  in  both  the  gun  region  and  in  the 
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interactlon  space.  Although  there  have  been  mapy  investigations  which 
are  pertinent  to  the  formation  and  behavior  of  electron  beams  in  crossed- 
field  devices  j  the  following  sections  will  describe  only  a  few  of  the 
more  important  studies. 

1.2  Crossed-Field  Electrc»  Injection  Systems 

1.2.1  Theoretical  Gxm  Designs.  In  recent  years  there  have  been 
numerous  attempts  to  design  electron  injection  systems  capable  of  forming 
laminar  beams.  One  of  the  earliest  investigations  resulted  in  the  French 
short  gun  or  Charles  gun^,  illxistrated  in  Fig.  1.3*  The  design  is  based 
on  the  space-charge-free  trajectory  of  an  electron  emitted  from  a 
cathode  located  in  a  parallel  plane  gun  region.  The  electric  field  is 
assumed  to  be  uniform  in  the  gun  region  so  that  the  electron  follows 
a  cycloidal  path  and  reaches  the  exit  plane  at  the  apogee  of  its  tra¬ 
jectory.  The  electric  field  in  the  interaction  region  is  also  ccxisidered 
to  be  uniform  emd  twice  as  great  as  the  gun  region  field.  Thus,  the 
electron  should  theoretically  be  capable  of  maintaining  llneeur  motion 
through  the  einode-sole  region. 

Daln  and  Lewis^  have  applied  Ehrenfest's  principle  of  adiabatic 
invariance  to  the  investigatlcxi  of  electron  motion  through  crossed 
electric  and  magnetic  fields.  In  essence  the  adiabatic  principle  states 
that  if  a  parameter  which  appears  in  the  Hamiltonian  of  a  conditionally 
periodic  system  changes  slowly  and  continuously,  the  action  variables 
remain  Invariant  in  the  limit  of  an  infinitesimally  slow  change.  For 
the  particular  application  to  the  electron  guns  this  means  that  the 
behavior  of  the  beeun  in  the  interaction  region  can  be  obtained  without 
considering  the  details  of  the  electron  motion  through  the  transition 
region  provided  the  fields  in  this  region  vary  sufficiently  slowly. 
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Thus,  by  properly  selecting  the  electric  end  Bs^ietlc  field  values  in 
the  cathode  and  interaction  regions  it  is  possible  to  obtain  a  converged 
besB  in  the  sense  that  the  bean  vidth  is  less  than  the  cathode  vidth. 
However,  the  flow  is  not  that  of  a  rectilinear  Isalnsr  beam,  but  rather, 
consists  of  electrons  cycloiding  between  rectilinear  boundaries. 

Bartraa  and  Pease^  also  applied  the  adiabatic  principle  to  the 
design  of  an  electron  injection  aystea.  Their  device  was  texaed  a  "raap 
gun"  and  is  illustrated  in  Fig.  1.4.  The  noaenclature  results  froa  the 
fact  that  the  transition  region  is  comprised  of  various  overlapping  raap 
electrodes  biased  at  interaediate  potentials.  The  electron  flow  was 
assuaed  to  be  that  of  the  single  trajectory  bean  (not  necessarily  laainar) 
described  by  BriUouin^  and  Slater^.  Unlike  the  Dain  and  Levis  work, 
the  effects  of  space  charge  were  included  in  this  analysis.  The  raiqp 
electrode  configurations  were  obtained  by  coaputing  the  equipotentials 
outside  of  the  beaa  region  and  placing  the  properly  designed  electrodes 
along  these  curves. 

The  so-called  Kino  guns*^  illustrated  in  Fig.  1.^  and  1.^  also 
were  developed  on  the  assu^ption  of  a  single  trajectory  electron  beaa. 

The  electrons  are  assuaed  to  leave  the  cathode  in  the  noraal  direction 
and  thia  coaponent  of  oirrent  density  (J^.)  is  considered  to  reaain 
constant  throughout  the  space-charge  flow.  The  electric  field  and 
electron  velocity  have  no  variation  in  the  z-directicm  and  the  field  is 
further  restricted  to  have  only  a  y-coaponent.  Under  these  conditions 
the  beaa  is  coaposed  of  identical  electron  trajectories. 

The  appropriate  electrode  configurations  for  producing  the  assuaed 
flow  are  obtained  by  utilizing  a  aethod  of  complex  variables  derived 
independently  by  Kirstein®  and  Laaax®.  The  method  ccxisists  of  trans- 
foraing  the  problem  to  the  complex  plane  and  solving  for  the  coaq>lex 
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potential  function  required  to  provide  the  proper  voltage  and  electric 
field  variation  along  the  boundary  of  the  beam  in  the  complex  plane. 

The  inverse  transformation  then  gives  the  equipotentials  outside  of 
the  beam  in  the  y-z  plane.  Although  the  operation  is  complicated  it 
can  be  performed  on  a  digital  computer.  In  Fig.  1.5  one  of  these 
equipotentials  has  been  selected  as  the  focusing  anode  while  the  two 
zero  potential  curves  become  the  cathode  ramp  electrodes. 

The  Kino  short  gxin  is  derived  on  the  basis  of  space-charge-limited 
operation  and  zero  emission  velocity  from  the  catnode.  One  of  the 
difficulties  of  the  short  gun  flow  is  the  infinite  space-charge  density 
which  occurs  at  the  oj^t  =  2n  point  along  a  trajectory.  Another  is  the 
fact  that  the  electron  velocity  vectors  are  nonparallel  in  any  volume 
element  of  thickness  Az,  thus  making  it  impossible  to  inject  the  beam 
into  the  anode-sole  region  in  the  desired  manner. 

The  Kino  long  gun  configuration  is  obtained  if  the  electrons  are 
assumed  to  leave  the  cathode  with  a  small  initial  y-component  of  velocity. 
The  theoretical  velocity  variation  and  space-charge  density  in  the  beeun 
are  found  to  be  closely  related  to  the  Brillouin  values.  The  major 
objection  to  this  type  of  flow  is  the  severe  restriction  that  all  the 
electrons  leaving  the  cathode  normal  to  the  surface  must  do  so  with  the 
same  value  of  initial  velocity. 

The  magnetically  shielded  gun  illustrated  in  Fig.  1.6  was  developed 
by  Hoch^°.  The  electron  beam  is  formed  within  the  shielded  gun  and  then 
injected  into  the  magnetic  field  region.  The  beam  leaves  the  shield 
with  essentially  a  uniform  velocity  and  travels  through  a  treinsition 
region  in  which  both  the  electric  and  magnetic  fields  vary.  The  electrons 
are  then  injected  into  the  anode-sole  region.  The  objective  of  the  gun 
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is  to  converge  the  beam  within  the  shield  and  taper  B  and  to  maintain 
the  same  beam  thickness  through  the  transition  region.  This  differs  from 
the  usual  crossed-field  injection  systems  in  which  the  orthogonal  electric 
and  magnetic  fields  are  simultaneously  used  to  converge  the  beam. 

The  difficulty  with  the  shielded  gun  is  the  fact  that  the 
electrons  leave  the  shield  with  the  same  velocity  but  must  reach  the 
anode-sole  entrance  with  a  linear  velocity  variation  across  the  beam. 

This  requires  the  careful  design  of  the  electric  and  magnetic  fields 
in  the  transition  region  so  that  the  upper  electrons  are  accelerated 
more  than  the  lower  ones.  At  the  same  time  the  electrons  must  be 
restricted  to  linear  motion  along  the  z-direction  with  no  transverse 
displacement.  The  design  of  a  system  capable  of  producing  such  a 
transition  appears  to  be  extremely  difficxilt. 

Other  types  of  ci  ossed-field  electron  injection  systems  have 
been  developed  but  in  general  they  are  similar  to  those  described 
above.  The  objective  is  always  the  same;  the  formation  of  a  beam  whose 
characteristics  are  nearly  identical  to  Brillouin  flow.  Except  for 
the  shielded  gun,  these  designs  deal  with  electrons  which  are  emitted 
from  a  unipotential  cathode  and  are  then  rotated  by  approximately  90® 
before  injection  into  the  anode-sole  region.  Experimental  investigations 
of  various  injection  systems  clearly  demonstrate  the  difficulty  associ¬ 
ated  with  the  formation  of  laminar  crossed-field  electron  beams. 

1.2.2  Previous  Evaluations  of  Injection  Systems.  The  Charles- 
type  g\an  has  been  used  extensively  in  the  construction  of  crossed-field 
devices.  It  is  still  employed  frequently  despite  the  fact  that  it  cannot 
be  used  with  a  wide  cathode.  This  limitation  is  a  direct  consequence 
of  the  manner  in  which  the  gun  is  designed.  That  is,  the  design  is 
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based  on  electrons  leaving  Just  one  point  on  the  cathode.  Thus,  those 
electrons  emitted  from  different  locations  alcMig  the  cathode  will  enter 
the  anode-sole  region  in  a  n  cm  laminar  fashion. 

Dain  and  Levis  did  not  construct  an  adiabatic  gun  and,  hence, 
no  experimental  data  is  available.  However,  a  beam  tester  model  of 
the  euliabatlc  ramp  gun  of  Bertram  and  Pease  was  operated  and  evaluated. 

The  electron  beam  was  observed  by  introducing  hydrogen  into  the  system 
and  noting  the  ionization  pattern  due  to  the  collisions  with  the 
electrons.  The  results  Indicated  that  the  device  generated  essentially 
the  predicted  current,  beam  thickness  and  location. 

The  Kino  short  gun  was  investigated  by  Midford^^  and  found  to 
behave  in  many  respects  as  predicted  by  the  theory.  For  example,  the 
current  eind  beam  location  were  approximately  as  expected.  However, 
investigation  of  the  beam  after  leaving  the  gun  indicated  that  the  flow 
became  ncHilaminar.  This  can  be  attributed  to  the  nonideal  characteristics 
of  the  beam  near  the  ca^t  =  2x  plane.  Furthermore,  the  emission  from  the 
cathode  appeared  to  be  quite  nonuniform.  In  particular,  photographs 
of  the  beeim  indicated  suppressed  emission  from  the  rear  of  the  cathode. 

Despite  the  apparent  ideal  nature  of  the  space-charge  flow  in 
the  Kino  long  gun,  experiments have  suggested  undesirable  character¬ 
istics.  In  particular,  extremely  high  noise  figures  and  r-f  instabilities 
have  been  observed This  behavior  is  thought  to  be  caused  by  the 
occurrence  of  diocotron  interactions  during  the  motion  of  the  beam 
through  the  long  transition  regicxi.  The  existence  of  the  diocotron 
effect  is  observed  by  the  presence  of  extremely  large  sole  currents  even 
when  the  sole  is  at  a  negative  potential  relative  to  the  cathode.  These 
results  suggest  that  the  traversal  of  any  long  transition  region  at  low 
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velocities  will  Increase  the  nonlaminarity  of  the  beam.  Thus,  it  appears 
that  euiy  tube  utilizing  an  adiabatic  transition  region  will  result  in 
high  noise  level  operation. 

The  shielded  gun  experiments  of  Hoch  indicated  20  to  ^0  percent 
interception  of  the  beam  within  the  shielded  region.  Four  different 
tubes  were  built  and  tested  with  the  investigations  indicating  that  75 
to  95  percent  of  the  current  leaving  the  shield  was  capable  of  reaching 
the  collector  although  the  beam  profile  on  the  collector  suggested  that 
the  beam  position  between  the  plates  was  somewhat  different  than  that 
predicted.  However,  there  was  no  way  of  determining  the  complete  beam 
configuration  throughout  the  interaction  region. 

1.3  Previous  Investigations  of  Crossed-Field  Electron  Beam 
Characteristics 

To  the  author's  knowledge  the  generation  of  a  Brillouin  beam  has 
never  been  achieved  in  practice.  It  can,  in  fact,  be  shown^  that  it  is 
impossible  to  achieve  Brillouin  flow  even  in  theory  if  the  thermal- 
velocities  of  the  electrons  emitted  from  the  cathode  are  taken  into 
account.  Consequently,  in  any  practical  device  the  space-charge  flow 
must  necessarily  be  nonlaminar. 

Rectilinear  laminar  flow  is  a  special  case  of  the  single  tra¬ 
jectory  beam  illustrated  in  Fig.  1.7*  In  this  situation  the  beam 
boundaries  are  rectilinear  but  the  individual  trajectories  are  cycloidal. 
It  has  been  shown  that  such  a  flow  possesses  exactly  the  same  potential 
distribution  and  current  as  the  rectilinear  laminar  beam. 

Waters^*  has  investigated  theoretically  the  behavior  of  a  beam 
which  was  subjected  to  small  amplitude  deviations  from  the  Brillouin 
flow  conditions.  He  developed  a  paraxial  approach  to  the  problem  and 
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FIG.  1.7  EIDCTRON  BEAM  CC»«IPOSED  OF  IDEimCAL  TRAJECTORIES. 
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his  results  Indicated  scalloped  beazns  vhose  thlclmesses  varied  periodi¬ 
cally  through  the  interaction  region.  Figure  1.8  illustrates  several 
tyx)es  of  heeun  undulations  obtained  from  Waters*  analysis. 

Midford^^  has  considered  briefly  the  types  of  flow  which  result 
when  the  beam  is  injected  improperly  into  the  interaction  region.  Figure 
1.9a  and  1.9b  illustrate  two  pai-ticxilar  situations  wherein  the  entire 
beam  undulates  but  maintains  a  constant  thickness.  The  investigation 
involved  a  d-c  small-signal  analysis  restricted  to  a  thin  beam  but 
including  the  effects  of  space  charge.  Midford  concluded  that  under  no 
condition  was  the  beam  subjected  to  growth  or  decay  in  space  and,  hence, 
it  should  not  exhibit  d-c  transverse  cyclotron  instabilities.  This 
conclusion  is  in  agreement  with  Pierce^®  who  predicted  that  planar 
crossed-field  beams  were  not  subject  to  d-c  instabilities.  The  experi¬ 
mental  works  of  Midford  and  Anderson  indicated  that  the  electron  beams 
did  undulate  as  they  moved  through  the  Interaction  region. 

One  of  the  characteristics  of  crossed-field  space-charge  flows 
which  has  been  subjected  to  a  great  deal  of  investigation  is  the 
diocotron  phenomenon.  As  mentioned  above,  the  diocotron  effect  refers 
to  the  collection  of  current  on  the  sole  even  when  t:  at  electrode  is 
biased  at  a  large  negative  potential  relative  to  the  cathode.  The  effect, 
implies  an  appreciable  energy  increase  by  certain  electrons  during  their 
motion  from  the  cathode  to  the  sole.  Astrom'*’  suggested  that  the  process 
causing  the  energy  increase  occurred  during  the  motion  of  the  electrons 
through  the  anode-sole  region  and  was  essentially  independent  of  the 
conditions  near  the  cathode. 

Miller^^  found  that  excess  energy  electrons  were  already  present 
in  the  becun  as  it  entered  the  anode-sole  region  thus  indicating  that  the 
diocotron  process  was  occurring  even  in  the  gun.  In  general  he  operated 
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at  extremely  high  magnetic  fields  so  that  the  electrons  performed  a 
series  of  tight  loops  In  the  gun  region.  The  geometry  vas  such  that  a 
low  voltage  region  or  potential  well  existed  between  the  edge  of  the 
cathode  and  the  sole.  Electrons  were  frequently  "trapped"  in  this 
region  and  required  long  time  Intervals  before  reaching  the  anode-sole 
region.  Consequently  Miller  concluded  that  the  diocotron  phenomenon 
resulted  from  the  exchange  of  energy  between  electrons  during  their 
travel  through  a  low  voltage  region  such  as  the  potential  well. 

The  experimental  results  of  Midford^^  indicated  the  existence 
of  diocotron  gain  in  the  gun  region  even  though  no  potential  well 
existed.  He  conclxxded  that  the  effect  was  due  to  Instabilities  associ¬ 
ated  with  the  formation  of  the  potential  minimum  near  the  cathode  uinder 
space -charge -limited  conditions.  Substantiating  proof  for  this  con- 
cluslcxi  was  experimentally  observed  by  Guenard  and  Huber^®,  and  Epszteln 
and  Maillart^®.  In  each  investigation  the  sole  current  was  observed 
to  be  greatly  reduced  when  changing  from  space-charge-limited  to 
temperature -limited  operation. 

Vfamecke,  Huber,  Guenard  and  Doehler^®  also  encountered  the 
diocotron  phenomencxi  during  their  study  of  carcinotrons.  They  attributed 
the  negative  sole  current  to  a  growing-wave  electron  interaction  process. 
Such  a  process  would  occur  everywhere  along  the  beam. 

Another  characteristic  of  crossed-field  devices  is  the  situation 
in  which  the  anode  of  a  cylindrical  magnetron  continues  to  draw  current 
even  after  the  critical  magnetic  field  has  been  exceeded.  This  indicates 
a  process  whereby  certain  electrons  arrive  at  electrodes  which  in  theory 
are  impossible  to  reach.  Similarly,  space  charge  is  found  to  exist  in 
regions  of  the  magnetron  where  theoretically  there  should  be  no  electrons. 
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Lindsay^^  has  suggested  that  the  excess  anode  current  is  attribu¬ 
table  to  the  presence  of  tangential  initial  velocities  at  the  cathode; 
i.e.,  although  the  normal  thermal  velocities  are  not  sufficient  to 
explain  the  phenomenon,  the  presence  of  tangential  emission  velocities 
is  capable  of  allowing  an  appreciable  fraction  of  the  current  to  reach 
the  anode.  Horsley  and  Sims®^  have  devised  a  special  planar  diode 
geometry  to  test  the  Lindsay  theory  by  accurately  determining  the  cut¬ 
off  curves. 

The  presence  of  space  charge  outside  of  the  theoretical  Brillouin 
radius  was  predicted  by  Hok^®  in  a  statistical  analysis  of  magnetron 
operation.  Independent  experimental  investigations  were  carried  out  by 
Reverdin^^  and  Peterson^®  in  which  the  cathode-anode  space  was  probed 
by  meeuas  of  an  axially  directed  electron  beam.  The  beam  parsed  through 
the  space-charge  region  and  the  pattern  was  displayed  on  a  flourescent 
screen  which  indicated  space  charge  present  outside  of  the  Brillouin 
limit.  Mathias^^,  using  a  cesium  flour ide  molecular  beam,  and 
Nedderman®*^ ,  using  helium  and  hydrogen  probes,  obtained  results  similar 
to  the  Reverdin  and  Peterson  data. 

The  investigations  described  above  indicate  quite  clearly  the 
many  problems  Involved  in  crossed-field  space-charge  flows.  These 
problems  involve  the  formation  of  well-defined  electron  beams  and  an 
xinderstandlng  of  the  many  streuige  characteristics  which  have  been  observed 
in  experimental  crossed-field  devices. 

1.  ^  Outline  of  the  Investigations 

The  preceding  investigations  were  concerned  with  various  aspects 
of  the  space-charge  flow  in  crossed-field  devices.  These  include  the 
study  of  theoretical  electron  guns,  the  experimental  evaluation  of 
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electron  injection  systems,  and  the  general  characteristics  of  electron 
beams  in  crossed-field  regions.  The  investigations  which  follow  are 
intended  to  provide  a  better  understanding  of  the  electron  beams  formed 
by  crossed-field  lnjectic»i  systems.  To  do  this  it  is  necessary  to 
treat  the  problem  in  its  entirety  beginning  with  the  formation  of  the 
beam  in  the  gun  and  continuing  to  the  analysis  of  the  electron  flow 
characteristics  in  the  anode-sole  region. 

In  Chapter  II  some  of  the  theoretical  space-charge  flow  limi¬ 
tations  are  discussed.  The  analyses  are  concerned  with  the  limitations 
of  electron  injection  systems  and  the  beam  restrictions  which  exist 
in  the  interaction  region. 

Chapter  III  describes  the  results  of  analog  computer  investi¬ 
gations  of  si)ecific  electron  injection  systems.  The  Kino  short  gun  is 
analyzed  in  detail  and  the  effects  of  various  electrode  modifications 
are  indicated. 

Chapter  IV  involves  similar  gun  studies  carried  out  by  digital 
computer  methods.  The  effects  of  initial  velocities  and  potential 
minimum  regions  are  also  considered. 

The  properties  of  beams  in  the  crossed-field  interaction  region 
are  carried  out  in  Chapter  V.  Special  emphasis  is  given  to  the  electron 
beam  configurations  which  are  possible  in  planar  crossed-field  regions. 
The  result  of  improper  injection  of  the  beeun  into  the  anode-sole  region 
is  also  discussed. 

Chapter  VI  describes  the  experimental  beam  analyzer  equipment 
which  was  designed  to  allow  analysis  of  electron  beam  characteristics. 

A  description  is  also  given  of  the  extended  Kino  short  gun  which  was 
used  as  the  beam  launching  system. 
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Chapter  VII  describes  the  operating  cht^racteristlcs  of  the 
extended  Kino  gun  and  the  analyses  of  electron  beams  In  the  anode-sole 
region.  The  latter  investigations  are  concerned  with  both  the  gross 
characteristics  of  the  beam  (  e.g. ,  beam  profile,  location  of  beam, 
variations  in  space,  etc.)  and  with  the  detailed  characteristics  of  the 
individual  electrons  comprising  the  flow  (e.g.,  electron  velocity  and 
space- charge  density) . 

Chapter  VIII  summarizes  the  results  of  the  investigations  and 
the  conclusions  derived  therefrom.  Suggestions  are  also  made  as  to 
possible  future  investigations  which  would  be  pertinent  to  these  studies. 


CHAPTER  II.  THEORETICAL  LIMITATIONS  ON  SPACE -CHARGE 


FLOW  IN  CROSSED-FIELD  DEVICES 

2.1  Preliminary  Remarks 

The  prime  objective  of  a  crossed-fleld  Injection  system  Is  to 
produce  a  high -density  electron  beam  which  Is  properly  located  to 
Interact  with  the  r-f  wave  propagating  along  the  slow -wave  structure. 
However,  as  mentioned  in  Chapter  I,  there  are  many  difficulties  asso¬ 
ciated  with  the  foimatlon  of  high  current  density,  laminar  electron 
beams.  Although  much  effort  has  been  devoted  to  the  solution  of  this 
problem,  the  generation  of  laminar  space -charge  flow  has  not  yet  been 
successfully  achieved  In  static  crossed  fields. 

Superficially  the  achievement  of  high  current  densities  appears 
to  be  relatively  simple.  One  possibility  would  be  to  use  a  wide  cathode 
operating  at  a  reasonable  current  density  and  then  converge  the  beam 
to  a  small  cross-sectional  area.  Thus  the  desired  density  would  be 
achieved  by  simply  using  the  correct  gun  system  to  produce  the  neces- 
saoy  convergence  of  the  beam.  However,  there  are  two  fundamental  obsta¬ 
cles  which  exist: 

1,  At  the  present  time  there  Is  no  electron  gun  design  which  Is 
capable  of  forming  extt'emely  high -density  beams  In  crossed-fleld  devices. 

2.  Even  If  such  a  high -convergence  gun  did  exist  It  can  be  easily 
shown  that  electron  beams  which  have  a  density  exceeding  the  Brlllouln 
veJ.ue  are  Incapable  of  laminar  flow.  Thus  for  any  crossed-fleld  electron 
gun  system  there  Is  a  maximum  convergence  which  can  be  Imposed  on  the 
beam  and  still  allow  the  flow  to  be  compatible  with  the  restriction  of 
lamlnarlty. 
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There  are  several  conditions  vhlch  must  be  satisfied  to  maintain 
a  rectilinear  laminar  beam  In  a  planar  anode -sole  region.  For  example, 
the  location  and  thickness  of  a  laminar  beam  are  directly  dependent  on 
the  cxirrent,  volteige,  and  meignetlc  field. 

It  Is  the  extremely  critical  balance  betveen  the  electric  and 
magnetic  forces  acting  on  the  electrons  vhlch  limits  the  space -charge 
density  that  can  be  achieved.  Attempts  to  exceed  the  BrlUouln  density 
will  reduce  the  electric  field  \dilch  acts  on  the  electrons.  This  results 
In  an  Imbedance  betveen  the  electric  and  magnetic  forces  euad  hence  leads 
to  nonlamlnar  flov.  This,  of  course.  Is  In  contrast  to  0-type  flovs 
vhereln  the  density  of  the  beam  can  be  Increased  quite  appreciably  by 
Introducing  an  axial  magnetic  field  to  confine  the  beam  to  a  given 
diameter. 

2.2  BrlUouln  Beam  Conditions 

A  BrlUouln  beam  Involves  the  laminar,  unidirectional  flov  of 
electrons.  For  crossed-fleM  devices  the  beam  moves  betveen  planar  anode 
and  sole  electrodes  as  Illustrated  In  Fig.  2.1.  The  beam  Is  assisned  to 
be  formed  In  an  eurbltrary  electron  gun  system,  the  difficulty  of  such 
a  foxmatlon  being  of  no  concern  at  this  time.  The  linear  motion  In  the 
anode -sole  region  Is  obtained  by  the  proper  balancing  of  electric  and 
magnetic  forces  acting  on  the  electrons.  The  analysis  of  the  problem 
Is  carried  out  In  Appendix  A  vhere  the  foUovlng  relations  for  the  beam 
queintltles  are  obtedned: 
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E  »  -  —  (y  +  2a) 

2  M 


f 


(2.2) 
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FIG.  2.1  BRILLOUIN  BEAM  MOVING  THROUGH  THE  ANODE-SOIE  REGION 
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«  ■  “c  (y  +  2a)  , 


(2.3) 


and 


z 


2a) 


(2.5) 


The  subacrlpta  2  refer  to  quantities  within  the  beam,  t)  •  |q.|/ni  Is  the 
electron  charge -to -mass  ratio,  m  •  qB  Is  the  radian  cyclotron  frequency, 
and  the  distance  y  Is  measured  relative  to  the  lower  edge  of  the  beam. 

If  the  beam  Is  assumed  to  have  a  width  h  In  the  x-dlrectlon,  the  total 
current  Is  given  by 


I  - 


h 


J 

y-O 


(2.6) 


which  upon  integration  becomes 

I  -  - ^  (^^+281^  .  (2.7) 

l<|aatlons  2,1  throuc^  2.7  provide  a  ccaiplete  description  of  a  BrlUouln 
beam  moving  throu^  the  anode -sole  region  of  a  crossed -field  device  at  a 
distance  "a”  above  the  sole. 

2.5  Limitations  of  Brlllouln  Flow 

The  restrlctlcxi  to  rectilinear  laminar  flow  Imposes  certain  con¬ 
ditions  on  the  beam  In  the  anode-sole  region.  The  relation  between 
the  thickness  and  location  of  the  beam  and  the  current  idilch  It  carries 
la  of  particular  Interest.  Froai  Eq.  2.2  the  electric  field  at  any  point 
In  the  beam  can  be  written  as 
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—  [y  +  2  (d 


(2.8) 


The  constant  electric  field  which  exists  In  the  region  above  the  beam  Is 


given  by 


<Pa  - 


(2.9) 


Evaluating  E  at  y  s  i  and  equating  to  E  gives 
2  3 


(d  -  1/2)  - 


(2d  -  /) 


(2.10) 


Thus  for  a  given  anode-sole  spacing  (d)  and  magnetic  field  (B),  the  loca¬ 
tion  of  the  beam  as  specified  by  b,  the  distance  between  the  anode  and 
upper  beam  boundary.  Is  dependent  only  on  the  beam  thickness  (l)  and 
anode  voltage  (cp_). 

The  total  current  can  be  expressed  as 


^  0)3  / 

o  c 


[(2d  -  2b  -  1)  -  1/2]  , 


(2.U) 


where  a  has  been  replaced  by(d-b-l).  From  Eq.  2.10  It  Is  obvious 
that 


(ad  -  2b  -  £)  =  — - 2 -  , 

m‘  (2d  -  i) 


(2.12) 


SO  that  the  current  becomes 


I  = 


h  €  0)3  1 
o  c 


a>‘  (2d  -  1) 


- 1/2]  . 

-  1)  J 


(2.15) 
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The  Implications  of  this  equation  are  quite  significant.  If  an  electron 
gun  Is  generating  a  beam  of  total  current  I  for  a  given  magnetic  fields 
the  Injection  of  this  beam  Into  an  anode -sole  region  where  the  anode 
potential  Is  q>  will  result  In  laminar  flow  only  If  the  beam  has  the 
thickness  specified  by  Eq.  2.13  and  enters  at  the  location  given  by 
Eq.  2. 10*  The  equation  for  i  Is  a  cubic  equation  for  \dilch  two  of 
the  roots  are  physically  unrealizable.  Thus  there  Is  but  one  vkhxe 
of  i  which  Is  compatible  with  BrlUouln  flow.  In  general,  therefore, 
for  specified  I,  q>  ,  and  B  val^ies  the  beam  location  (b)  euid  thickness 

cl 

(i)  for  laminar  flow  are  imlquely  detexnlned. 

The  requirements  for  laminar  beams  Indicate  that  there  are  maxi¬ 
mum  theoretical  limits  on  the  perveance  and  electronic  efficiency  of  a 
crossed-fleld  tube.  To  analyze  the  perveance,  consider  the  current 
carried  by  an  elementary  filament  of  width  dy, 

h  €  <0® 

dl  -  - 2-  (y  +  2a)  dy  .  (2.14) 

The  differential  perveance  for  such  a  filament  can  be  defined  as 

A  Perv.  4  ,  (2.15) 

9 

where  9  Is  the  voltage  of  the  strip  of  current  and  Is  given  by  Eq.  2.1. 
The  total  perveance  of  the  beam  can  thus  be  written  as 

h  €0 

yJi  2a)^]®/® 


Perv 


(2.16) 
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Perfoxmlng  the  Integration  gives 

a  (1  *  2a) 


as  the  perveance  of  a  BriUouln  beam. 

In  the  same  manner  as  Dunn  the  perveance  per  sqiuare  is  defined 
as  the  perveance  divided  by  the  beam  width  to  beam  thickness  ratio. 


*  Wtf  -  a(i  +  2a)  • 


(2.1fl) 


The  evaluation  of  efficiency  can  be  carried  out  in  a  similar 
manner.  This  is  done  by  considering  that  the  electrons  which  leave  a 
zero  potential  cathode  carry  a  total  power  given  by 

P.  *  ^  '•’a  ' 


irtiere  I  and  9  are  the  beam  current  and  anode  voltage  aa  previously 
defined.  However,  since  the  electrons  enter  the  interaction  region  with 
some  velocity,  not  all  of  the  electron  energy  is  available  for  conversion 
to  the  propagating  r-f  wave.  To  detemlne  how  much  energy  is  available, 
consider  the  maximum  power  which  can  be  extreu:ted  from  a  differential 
current  element  of  the  BriUouln  beam.  This  can  be  written  as 


dP  «  (q)^  -  9)  dl 


(2.20) 


where  9  «  voltage  of  the  current  strip.  Thus  the  total  ixnrer  which 
could  be  extracted  from  a  BriUouln  beam  entering  the  interaction  region 
is  given  by 


(9,  -  9)  dy 


(2.21) 
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Substltutlng  for  <p  and  J  and  Integrating  gives 


Br. 


h  <0*  1  (i  +  4a)  r 

Si  p 


2 

^  [i*  +  4al  +  8a 


(2.22) 


Since  P_  Is  the  ntaxlnnim  power  which  can  be  extracted  from  a  BrlUouln 
isr  • 

beam  while  Is  the  power  contained  by  the  beam  as  It  leaves  the 
cathode.  It  Is  possible  to  define  a  maximum  BrlUouln  electronic  effi¬ 
ciency  (similar  to  the  usual  electrcxilc  efficiency  of  a  planar  crossed- 
fleld  device)  as 


(2.23) 


Substituting  for  P^  from  Eq.  2.19  from  Eq.  2.22  the  efficiency 

becomes 


1  - 


2 

% 


(i*  ♦ 


4ai  + 


8a*] 


(2.2^) 


This  can  also  be  written  as 


iBr.  -  ^  ^  '  (2.25) 

where  <p^  =  l/2(q)^^p  +  ^ottom^  mean  value  of  the  voltage  within 

the  beam.  Notice  that  this  expression  Is  very  similar  to  the  electronic 

2 

efficiency  of  a  thin  beam  In  a  planar  region  as  given  by 


^ei 


(2.26) 


where  (p  Is  the  potential  at  the  beam  location.  Since  the  presence  of 
the  beam  depresses  the  potential  In  the  Interaction  region.  It  Is  obvious 
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that  for  the  same  beam  location  the  theoretical  BrlUouln  efficiency  Is 
greater  than  the  electronic  efficiency  when  space  charge  Is  neglected. 

The  restriction  to  laminar  flow  requires  that  the  following  con¬ 
ditions  be  satisfied: 

1.  The  beam  haa  tuilque  thickness, 

2.  The  beam  has  unique  location, 

5*  The  perveance  Is  given  by  Eq.  2.18,  and 

if.  The  maxlimim  possible  efficiency  Is  given  by  Eq.  2.24. 

The  equations  can  be  simplified  by  defining 


€  d®  h 
o  c 


(2.27) 
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Perv. 

□ 


v/iti  (/)® 

(a)  (7  +  2a) 


(2.5'*) 


and 


HBr.  *  1  -  IT 


I  is  plotted  vs.  i  in  Fig.  2.2  for  different  values  of  the  peu:^- 
eter  ♦  .  For  low  values  of  ®  (e.g.  ♦  =  .4c)  the  curves  display  a 

6L  CL  & 

relative  maximum  and  then  beccme  negative  at  some  i  <  1.  This  of  course 
is  lAiysically  impossible.  A  more  thorough  investigation  reveals  that 
points  on  the  cuirve  beyond  the  maximum  I  value  correspond  to  the  physi¬ 
cally  unobt8d.nable  roots  of  i .  As  ^  is  increased,  the  curves  become 
steeper  indicating  that  the  current  is  being  carried  by  a  thinner  beam. 

The  curves  of  b  vs.  I  are  shown  in  Fig.  2.3*  This  figure  indi¬ 
cates  that  as  the  beam  becomes  thinner,  it  must  be  located  farther  from 
the  anode  to  maintain  laminar  flow.  As  is  increetsed,  the  necessary 
beam  thickness  at  a  fixed  distance  from  the  anode  is  reduced.  Thus  a 
thin  beam  situated  close  to  the  anode  is  possible  only  for  extremely 
hig^  ^  values  which  requires  either  high  cp  or  low  magnetic  field. 

CL  CL 

The  diagonal  b  =  i  line  represents  the  dividing  line  between  those 
situations  which  sire  physically  realizable  and  those  idiich  are  impossible. 
In  other  words,  any  point  to  the  right  of  this  line  corresponds  to  a 
situation  herein  part  of  the  beam  is  being  intercepted  by  the  sole  since 
in  this  region 


(b  +  I)  >  1  . 


(2.56) 
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2-3  VARIATIOII  OF  F  WITH  I  FOR  DI! 
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Notlce  also  that  the  point  at  which  the  •  «  0.^  curve  intercepts  the 

ct 

b  «  i  line  is  precisely  that  i  value  at  which  I  has  its  maximum  value. 
Thus  it  is  obvious  that  the  above  statement  concerning  the  physical 
impossibility  of  having  any  i  values  beyond  the  value  at  maximum  I  is 
correct . 

Figure  2,k  illustrates  the  variation  of  perveance  with  cunent. 

The  interesting  feature  here  is  that  increases  in  current  require  similar 
increases  in  the  perveance.  This  cooes  about  because  Increatses  in 
BriUouin  current  reqviire  an  increase  in  t  which  in  turn  reqjulres  the 
beam  to  be  located  closer  to  the  anode.  Consequently  the  beam  poten¬ 
tial  is  increased  and,  in  fact,  is  sufficiently  larger  so  that  it  more 

than  compensates  for  the  reduct icm  in  Ferv.  brou^t  about  by  the 

□ 

Increase  in  current. 

Finally  Fig.  2.3  indicates  the  variation  of  efficiency  as  a  func¬ 
tion  of  the  beam  to  anode  spacing.  The  cxurves  indicate  that  for  each 

•  value  there  is  <xie  b  at  idiich  q-  is  maximum.  For  example,  the 

•  «  1.2  case  has  a  maxi  mum  theoretical  efficiency  of  approxljDately  97 
percent  at  b  »  0.4.  Notice  that  there  can  be  no  situation  wherein  points 
can  exist  to  the  ri^t  of  the  diagonal  line  since  in  this  region  7  <  0. 

In  general,  the  efficiencies  are  quite  high  with  values  in  excess  of  90 
percent  being  available  for  various  •  .  Furthermore,  the  minimum  theo- 

A 

retlccO.  BriUouin  efficiency  is  30  percent  idiich  occurs  at  b  ^  o;  i.e., 
idien  the  beam  is  eidjacent  to  the  anode.  This  suggests  that  if  BriUouin 
flow  could  be  achieved  in  practice,  the  electronic  efficiency  should  be 
quite  hifi^.  Of  course  the  major  problem  would  then  be  that  of  providing 
an  effective  means  of  coupling  between  the  beam  and  toe  r-f  circuit  wave. 
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2.^  Practical  Convergence  Limitations  for  Electron  Guns 


With  reference  to  Fig.  2.1  again,  consideration  will  now  be 
extended  to  the  required  gun  properties  necesseiry  for  the  formation  of 
a  Brillouin  beam.  Of  princijjal  importance  is  the  question  of  whether 
there  exists  a  limitation  on  the  magnitude  of  convergence  which  can  be 
imposed  on  a  beam  by  the  gun  system.  If  W  is  the  width  of  the  cathode 
from  which  the  electrons  originate,  the  convergence  of  the  beam  can  be 
defined  as 


K  -  ^  . 


(2.57) 


The  assximption  of  uniform  emission  from  the  cathode  allows  the  toteJ. 
beam  current  to  be  written  as 


I  =  h  W  J  , 
c  ' 


(2.58) 


where  is  the  uniform  cathode  current  density.  But  from  Eq.  2,7  it  is 
also  known  that  the  Brillouin  beam  current  is 


h  €  O) 


I  = 


7^(4-)  ■ 


(2.7) 


Continuity  requires  that  these  two  expressions  be  the  same  thus  resulting 
in  the  relation 


/  +  4al  = 


2t)  W  J, 


3 

o  c 


(2.59) 


Replacement  of  I  by  W/k  results  in  a  quadratic  equation  for  K  whose  solu¬ 


tion  is 


K  = 


3 

a  €  u) 
o  c 


1  ^  V  1  + 


TJ  J  W 
'  c 

2a  e  u> 
o  c 
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Thus  for  a  given  magnetic  field  and  cathode  current  density  this  equa¬ 
tion  gives  the  convergence  ^ich  must  be  achieved  in  order  to  generate 
a  laminar  beam  which  leaves  the  gun  at  a  distance  "a"  above  the  sole. 

For  a  fixed  cathode  width  the  only  alternative  for  increasing 
the  beam  current  is,  of  course,  to  increase  the  cathode  current  density. 
Therefore,  if  the  magnetic  field  and  beam  location  are  fixed,  the  net 

effect  of  the  increased  J  is  to  decrease  the  convergence.  In  other 

0 

words,  since  the  space -charge  density  for  a  BriUouin  beam  is  given  by 


P 


o 


(2.41) 


it  is  obvious  that  the  only  way  to  increase  the  beam  current  for  a  fixed 
magnetic  field  and  beam  voltage  is  to  increase  the  beam  thickness.  Con¬ 
sequently  the  convergence  of  the  beam  is  determined  by  J  which  in  turn 

c 

is  determined  by  the  voltage  applied  to  the  gun  accelerator  electrode. 

If  higher  convergence  values  are  desired,  it  is  necessary  to  resort  to 
increased  magnetic  field  values.  However,  increases  in  B  also  require 
increased  voltages  in  order  to  maintain  the  electron  trajectories  approxi¬ 
mately  the  same. 

As  mentioned  earJ-ier  one  of  the  reasons  for  wanting  high  beam 
ccmvergence  is  to  produce  high  current  density  space -charge  flow. 

However,  in  the  previous  section  the  current  density  for  laminar  flow 
was  shown  to  be 

€  O)^ 

J  =  -  °  ^  (y  +  2a)  .  (2.42) 

i.  ij 


Thus  there  exists  only  three  possibilities  for  Increeising  the  average 
BriUouin  current  density. 
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1.  Increase  the  ma^jnetic  field.  This  is  simply  the  same  as 
increasixig  the  Brillouin  space -charge  density. 

2.  Increase  the  distance  of  the  beam  above  the  sole.  This  is 
equivalent  to  increeising  the  velocity  of  the  beam. 

5.  Increase  the  beam  thickness.  This  is  the  condition  of  Increased 
current  flow  from  the  gun  region  either  by  Increasing  the  cathode  area 
or  the  cathode  current  density. 

There  has  been  no  discussion  of  the  gun  systems  which  are  assumed 
to  generate  the  Brillouin  beams .  The  only  objective  here  is  to  present 
some  of  the  limitations  which  exist  even  if  laminar  flow  could  be  gener¬ 
ated.  The  design  of  electron  injection  systems  capable  of  forming  laminar 
beams  is  a  formidable  task  which  has  not  been  satisfactorily  achieved  as 
of  the  present  time.  The  following  section  discusses  a  few  gun  configu¬ 
rations  and  the  limitations  of  their  beam  forming  capabilities. 

2. ^  Limitations  of  Typical  Electron  Gun  C onf Igur at 1 ons 

The  preceding  parts  of  this  chapter  have  indicated  some  of  the 
limitations  which  exist  for  rectilinear,  laminar  electron  beams.  These 
can  be  considered  as  the  fundamental  limitations  which  are  inherent  in 
space-charge  flow  through  crossed  electric  and  magnetic  fields.  In  actual 
electron  injection  systems,  however,  the  beam  invariably  differs  from  the 
laminar  flow  model.  Although  some  gun  systems  are  better  than  others, 
none  has  yet  been  found  which  is  capable  of  forming  an  ideal  Brillouin 
beam.  A  few  examples  will  illustrate  the  problems  encountered  in  prac¬ 
tical  configurations . 

2.5.1  Charles  Gun^ .  The  first  gun  will  be  the  so-called  Charles 
or  French  Short  Gun  which  is  shown  in  Fig.  2.6.  The  electric  fields  in 
the  two  regions  are  assumed  to  be  constant  and  uniform.  An  electron 
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2.6  FRENCH  SHORT  GUN  ELECTRODE  CONFIGURATION. 
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emitted  from  the  cathode  will  undergo  cycloidal  motion  in  region  1  and 
peiss  into  region  2  at  the  apogee  of  its  trajectory.  In  the  cathode 
region  the  coordinates  of  the  electron  at  any  time  are  given  by 

q) 

y  =  - (1  -  cos  o)  t)  ,  (2.45) 

‘  1  df  B 

and 

9 

z  =  - -  (oj  t  -  sin  o)  t)  .  (2.44) 

1  2  c 

If  the  electron  is  to  undergo  linear  motion  through  region  2  it  should 
enter  at  y^  =  2  9^/ti  d^  z^  =  jt  d^  B*  with  a  velocity 


z  = 


d^B 


9-9 
a  s 

d  B 
a 


(2.45) 


^ere  9  and  cp  are  the  anode  and  sole  voltages  respectively.  Obviously 
&  s 

€uay  electron  which  leaves  the  cathode  at  z  ^  z^  will  reach  the  entrance 
plane  with  y  ^  0  so  that  it  will  be  Incapable  of  linear  motion  through 
the  anode -sole  region.  Thus  it  is  obvious  that  the  Charles  gun  is 
restricted  to  fairly  nsirrow  cathodes  in  order  to  have  a  reasonably  thin 
rectilinear  beam  in  the  interaction  region.  In  fact  the  thickness  and 
nonlaminarity  of  the  beam  are  directly  related  to  the  cathode  width  from 
which  electrons  are  emitted.  This  particular  characteristic  is  illus¬ 
trated  in  Fig.  2.7  where  the  center  trajectory  is  nearly  linear  in  region 
2  but  those  electrons  leaving  from  different  points  along  the  cathode 
undergo  undulatory  motion  in  the  anode-sole  region.  The  transverse  ampli¬ 
tudes  of  these  undulations  are  proportional  to  the  distance  between  the 
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point  at  which  the  electron  leaves  the  cathode  and  the  emission  point  of 
the  center  trajectory  electron. 

These  results  were  obtained  from  a  space -charge -free  Poisson  cell 
analysis  similar  to  those  described  in  the  following  chairber.  The  effect 
of  space  charge  is  such  as  to  actually  decrtsase  the  turbulent  nature  of 
the  beam.  However,  it  is  still  true  that  the  useful  cathode  width  for 
such  a  gun  is  quite  restricted. 

2.5*2  Kino  Short  Gun.  The  design  of  the  crossed-field  Kino  gun 

is  based  on  a  particular  two-dimensional  space -charge -flow  condition  for 

\diich  the  electric  field  is  always  in  the  y-direction  (i.e.,  E  =0). 

z 

In  addition  it  is  assumed  that  all  electrons  flow  in  parallel  paths  with 
the  current  density,  space -charge  density  and  electron  velocity  independent 
of  the  z -coordinate.  For  this  situation  the  J  component  of  current 

y 

density  is  constant. 

The  theory  is  based  on  the  additional  assumption  that  the  electrons 
are  emitted  peri)endicular  to  the  cathode  with  zero  initial  velocity, 

(This  is  contrasted  with  the  long  gun  flow  where  a  nonzero  emission  veloc¬ 
ity  is  assumed.)  The  trajectory  equations  thus  take  the  from 


(z  -  Zq) 


1  J. 


3 

€  O) 

O  C 


[ 


(U)  t)‘ 

c 


cos  u>  t 
c 


(2.46) 


and 


1  J, 


c  u> 
o  c 
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(O  t 
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sin  ui  t 
c 


] 


(2.47) 


The  direction  in  which  the  electrons  are  traveling  at  any  point  is  given 
by 
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tan  if 


dz 


1  -  cos  CO  t 
c 

a>gt  -  sin  cD^t 


(2.48) 


The  potential  and  space -charge  density  observed  at  any  time  during  the 
electron  motion  are 


n  J 
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(2.49) 


and 


1  -  cos  CO  t 
c 


a 

€  CO 

vhere  Pq  “  *  Is  the  BrlUouin  density. 


(2.50) 


Although  Eq.  2.47  describes  the  y-lcx:atlon  of  an  electron  at 
varlcxis  times «  It  can  ad^o  be  considered  as  the  y-locatlon  of  different 
electrons  at  a  fixed  z-plane  (exit  plane).  For  the  latter  case,  dif¬ 
ferent  y  values  Imply  that  the  elections  vere  emitted  from  the  cathcxle 
at  different  z^  posltlcxis  aind  hence  arrived  at  the  exit  plane  at  dif¬ 
ferent  values  of  co  t.  Viewing  the  problem  In  this  manner  It  Is  then 
possible  to  detexmlne  the  variation  of  p  and  f  across  the  exit  plane. 
Restricting  the  Investigation  to  those  electrcxis  which  reach  the  plane 
with  CD  t  «  2x  results  in  the  trajectories  shown  In  Fig.  2.8.  Thus  the 
upper  election  reaches  the  exit  plane  at  od  t  <=  23C  and  has  am  angle  V  **  0. 

All  the  other  electrons  He  below  this  emd  have  co  t  <  2x  and  t  >  0  at 

o 

the  exit. 

In  order  to  simplify  the  equations,  z  and  y  are  normalized  as 


follows : 
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and 


(oi  t)^ 

- - -  +  cos  O)  t  -  1  , 

2  c 


o)  t  -  sin  u>  t 
c  c 


Defining 

{  =  2»  -  Y  , 


(2.51) 


(2.52) 


(2.55) 


results  in  the  upper  trajectory  having  ^  =  0  at  the  exit  plane.  Thus 
all  the  other  trajectories  have  ^  >  0  at  this  plane. 

These  relations  allow  o/p  and  t  to  be  plotted  vs.  ^  as  shown  in 

'  o 

Fig.  2.9.  The  space -charge  density  is  infinite  at  the  top  of  the  beam 
and  decays  rapidly  with  |  until  reaching  the  Brillouin  value  at  |  *  0.571 
(oB^t  *  3  x/2).  p  remains  less  than  p^  until  |  »  5-782  (a>^t  =  jt/2)  when 
the  Brillouin  density  is  again  achieved.  The  minimum  density  is  0,5Pq 
at  (  X  (cD^t  =  x).  At  I  *=  2x  the  space -charge  density  again  becomes 
infinite.  Notice  that  this  point  corresponds  to  the  cathode  location 
where  the  condition  of  space -charge -limited  operation  requires  p  =  ». 
Finally,  the  directions  in  which  the  electrons  travel  as  they  pass  the 
exit  plane  vary  from  f  =  0  at  the  top  of  the  beam  to  t  =  90“  at  the  bot¬ 
tom  (i.e.,  at  the  cathode). 

Figure  2.10  illustrates  the  normalized  velocity  (U)  and  current 
density  (S)  variations  across  the  beam  where 


..A  o  c 

•  \r 


j^(a)^t  -  sin  +  (1  -  cos  >  (2.5^) 


and 


A  Oi 

„  A  o  c  , 

S  =  r“7 - J 

n  J  p 
'  y  ^o 


if  f  -  sin  oj^t  >2 

"  y  ^  \  1  -  cos  CD  t  ) 


(2.55) 
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Except  near  the  cathode,  the  velocity  varies  almost  linearly  across  the 
beam  thus  indicating  some  resembleince  to  the  Brillouin  velocity  varia¬ 
tion.  However,  the  current  density  cheuiges  rapidly  near  ’'he  top  of  the 
beam  =  2r)  as  a  result  of  the  rapid  p  variation  in  that  region. 

Consequently  the  current  density  differs  appreciably  from  the  linear 
Brillouin  requirement. 

In  view  of  the  above  results  it  is  obvious  that  two  fundamental 
problems  exist  which  prevent  the  achievement  of  laminar  flow  from  a 
theoretical  Kino  short  gun.  First,  the  space-charge  density  undergoes 
a  rapid  variation  near  the  oj^t  =  2n  point.  This  is  contradictory  to 
the  desired  p  =  for  Brillouin  flow.  The  second  problem  involves  the 
different  directions  in  which  the  electrons  are  moving  as  they  pass  the 
exit  plane.  In  other  words,  the  wider  the  beam  is  at  the  exit  plane 
the  greater  is  the  difference  between  the  t  of  the  top  and  bottom  tra¬ 
jectories.  The  combination  of  these  two  problems  make  it  impossible 
to  achieve  laminar  flow,  even  on  a  theoretical  basis,  from  the  Kino 
short  gun. 

However,  the  use  of  a  narrow  cathode  located  so  that  the  upper 
electron  reaches  the  exit  plane  prior  to  oj^t  -  2n  should  help  in 
improving  the  beam.  The  restriction  of  the  cathode  width  is  necessary 
to  minimize  the  t  variation  across  the  exit  beam.  Of  course  the  gun 
should  also  be  tilted  with  respect  to  the  circuit -sole  s^ructure  at  an 
angle  which  is  half  the  difference  between  the  ♦  of  the  upper  and  lower 
electron  trajectories  in  the  beam.  Figure  2 ..11  illustrates  the  theo¬ 
retical  trajectories  of  a  Kino  short  gun -which  is  terminated  prior  to 
the  cjD^t  =  27t  point  for  the  upper  trajectory.  The  behavior  of  such  a 
gun  will  be  discussed  in  more  detail  in  Chapter  IV. 
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The  re4;ults  of  the  above  investigation  indicate  that  the  Kino 
space -charge  flow  solution  produces  a  beam  which  is  similar  to  the 
Brillouin  beam  in  some  respects  but  differs  radically  in  others,  i.e., 
p  and  J.  In  theory,  therefore,  it  is  not  possible  to  achieve  exact 
Brillouin  flow  by  means  of  a  Kino  short  gun.  The  nonlaminarity  of  the 
beam  in  the  anode -sole  region  will  be  a  function  of  the  cathode  width 
and  the  transit  time  of  the  electrons  through  the  gun  region. 

2.5»3  Kino  Long  Gun^.  The  Kino  long  gun  configuration,  including 
the  theoretical  trajectories,  is  shown  in  Fig.  2.12.  The  flow  is  derived 
using  the  assumption  that  all  of  the  electrons  leave  the  cathode  with  the 
same  normal  velocity  component  given  by 


n  J, 


€  O)^ 

O  C 


(2.56) 


For  this  situation  the  trajectory  equations  are 


(z 


(a)^t)^ 

2 


(2.57) 


8Uld 


The  potential  variation  along  a  trajectory  is 


n  j; 


2  4 

2€  O) 

o  c 


(2.58) 


(2.59) 


while  the  sisace -charge  density  is 
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O  C 


(2.60) 


which  is  precisely  the  Brillouin  value.  Thus  the  theoretical  flow  from 
the  Kino  long  gun  is  characterized  by  the  Brillouin  density  at  every 
point  in  the  beam. 

The  trajectory  angle  is 


.  .  ^  1 

tan  if  -  j  =  — T 

^  dz  oj  t 
c 


(2.61) 


while  the  velocity  components  sire 


- J  (oi^t)  =  co^y  , 

e  u> 
o  c 


(2.62) 


y  =  -  =  y 

e  o) 
o  c 


(2.65) 


Hence  the  flow  is  such  as  to  maintain  the  y-component  of  velocity  con¬ 
stant  at  every  point  within  the  beam.  Furthermore,  the  z -component  of 
velocity  is  such  that  its  y -derivative  is 


dz 

57  '  “"c 


(2.61^) 


which  is  exactly  the  velocity  gradient  across  a  rectilinear  Brillouin 
beam.  If  the  magnetic  field  is  very  large  y^  is  observed  to  be  exceed¬ 
ingly  small  and  the  total  velocity  is  essentially  given  by 


=  %y 


V  z 


(2.65) 
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Thus  the  long  gun  produces  a  theoretical  beam  whose  velocity  and  space - 
charge  density  are  essentially  those  of  BrlUouln  flow. 

These  results  suggest  that  the  Kino  long  gun  should  be  capable  of 
generating  laminar  electron  beams.  Unfortunately,  experimental  Investl- 
gatlons^^'^^  of  such  a  gun  have  not  substantiated  the  theoretically  pre¬ 
dicted  desirable  characteristics.  They  have.  In  fact,  Indicated  hl^ily 
ncnlaai nar  and  xinatable  flow.  The  principal  problems  appeaur  to  be : 

1.  In  actuskl  thermionic  emission  the  electrons  do  not  leave  the 
cathode  with  the  same  velocity. 

2.  The  electrons  reqiulre  a  fairly  long  time  to  pass  throu^  the 
gun  region.  This  sQlovs  a  significant  Interval  during  which  undesirable 
forces  (primarily  the  dlocotron  phenomenon)  may  affect  the  beam.  The 
first  difficulty  Is  related  to  the  fact  that  suoy  dlscrepeincy  In  Initial 
velocities  froa  the  y^  value  will  result  In  different  trajectories  and 
hence  In  a  different  beam  configuration.  Any  nonimlform  emission  will 
also  Increase  the  possibility  of  dlocotron -type  phenomena  occurring  In 
the  gun  region  auod  hence  will  lecul  to  greater  beem  nonlamlnarlty.  VHiat- 
ever  the  reasons  may  be,  experiments  have  indicated  that  Instead  of  the 
excellent  beam  characteristics  predicted  by  the  theory  the  actual  flow 
Is  unstable  and  extroaely  noisy.  One  explanation  for  the  undesirable 
behavior  appears  to  He  In  the  emission  characteristics  of  electrons 
leaving  from  a  thermionic  cathode;  l.e.,  the  assumption  of  a  single 
eailsslcxi  velocity  Is  not  valid. 

2.5.4  Other  Types  of  Puns.  Pain  and  Lewls^  amd  Bartram  euid  Peeise® 
have  described  guns  which  sire  derived  on  the  baisls  of  the  eullabatic 
principle  as  discussed  In  the  first  chapter.  They  essentlsdly  Involve 
the  emission  of  electrons  from  a  cathode  located  In  a  unlfoxm  field 
region  sifter  \dilch  the  beam  Is  subjected  to  a  slowly  vsorylng  trsuisltlon 
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Eind  then  injected  into  the  anode -sole  region.  The  long  transition  region 
makes  these  guns  similar  to  the  Kino  long  gun  but  vith  less  ideal  theo¬ 
retical  characteristics.  In  particular  the  theoretical  trajectories 
in  the  anode -sole  region  are  characterized  by  cycloidal  variations.  There 
is  no  need  to  consider  these  adiabatic  guns  in  any  more  detail  since 
their  theoretical  beams  are  no  Improvement  over  those  generated  by  Kino- 
type  guns. 

All  of  the  crossed-field  electron  gun  systems  which  have  been 
devised  involve  basically  the  same  principle.  That  is,  the  electrons 
are  emitted  from  a  unipotential  cathode  after  which  the  gun  must  act  on 
the  beam  and  rotate  it  by  approximately  90*  and  inject  it  into  the  inter¬ 
action  region.  The  success  of  the  injection  system  is  measured  by  the 
laminarity  of  the  beam  as  it  leaves  the  gun. 

The  above  examples  illustrate  some  of  the  theoretical  limitations 
which  exist  for  various  types  of  crossed-field  injection  systems.  The 
following  two  chapters  involve  computer  investigations  of  the  beam  char¬ 
acteristics  derived  from  specific  crossed-field  electron  gun  configurations. 


CHAPTER  III.  ANALOG  COMPUTER  INVESTIGATION  OF 


EIECTRON  INJECTION  SYSTEMS 


3.1  Introduction 

A  comprehensive  evaluatlcxi  of  the  beam- forming  capability  of  an 
electron  injection  system  requires  the  determination  of  the  electron 
trajectories  through  the  gun  region.  The  motion  of  an  electron  through 
d-c  electric  amd  magnetic  fields  is  described  by  the  Loreutz  force 
equatlcMi 


^  .  -  ii(f  +  vxB]  ,  (J.l) 

vhere  E  «  electric  field, 

B  K  magnetic  field,  and 

V  s=  electron  velocity. 

For  crossed-fleld  devices  the  problem  cam  be  simplified  if  the  variation 
in  the  magnetic  field  direction  (x-direction)  is  neglected.  The  Lorentz 
equation  caui  then  be  sepeumted  into  the  two  component  ecuations  which 
atre 


o>  z  . 

c  ' 


(3.2) 


and 


d*z 


dcp 


(5.3) 


vhere  9  >  the  potential. 

These  equations  are  valid  for  auoy  crossed-  electric  auid  magnetic 
fields  regardless  of  the  space-chaurge  density.  The  presence  of 
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significant  space  charge  manifests  itself  by  affecting  the  potential 
distribution.  In  other  words,  with  no  space  charge  present  the  poten¬ 
tial  must  satisfy  Laplace's  equation 

^(y,2)  =  0  .  (3-^) 

Obvioxisly  in  this  situation  the  potential  at  any  point  is  dependent 
only  on  the  electrode  configurations  and  the  externally  applied 
voltages.  However,  when  space-charge  effects  become  significant  the 
potential  distribution  is  modified  according  to  Poisson's  equation 

•  (3-5) 

o 

where  p(y,z)  is  the  space-charge  density.  Equation  3*5  indicates 
that  the  voltage  is  a  superposition  of  the  space-charge  free  value 
and  the  contribution  due  to  the  space-charge  distribution. 

The  evaluation  of  electron  trajectories  requires  the  simultaneous 
solution  of  two  problems.  First  it  is  necessary  to  determine  the  poten¬ 
tial  distribution  including  the  effects  of  space  charge.  Then  the  two 
component  force  equations  must  be  solved  to  yield  the  electron  motion. 

Numerous  analog  methods  have  been  devised  to  evaluate  the  flow 
of  electrons.  Some  of  the  more  familiar  methods  involve  the  use  of 
electrolytic  teuiks^®,  resistance  networks®®,  and  rubber  membranes®^. 

The  system  employed  by  the  author  involved  the  use  of  a  Poisson  cell®^, 
which  is  a  solid  conducting  medium,  and  an  analog  computer.  The  system 
was  developed  under  the  Signal  Corps  Contract  DA- 3^-059-  sc-567l4  and 
has  been  used  extensively  in  analyzing  crossed- field  electron  injection 
systems  in  the  Electron  Physics  Laboratory  at  The  University  of  Michigan. 
The  basic  theory  of  operation  is  presented  in  Appendix  B. 


i 
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3«2  PolBBOP  Cell  Investleatlon  of  a  Kino  Short  Gun 

Figure  3.1  Illustrates  a  particular  Kino  short  gun  configuration 
as  veil  as  the  si)ace-charge  free  trajectories  determined  from  the  Poisson 
cell  analysis.  The  gun  utilized  an  extremely  vide  cathode  vhlch  vas 
found  to  be  resp<xislble  for  generating  certain  nonlamlnarltles  In  the 
space-charge  flov.  The  theoretical  design  values  vere 

<p^  «  focusing  anode  voltage  =  520  volts, 

B  *  lUl  gauss,  and 

J  B  cathode  current  density  ■  0.048  amp/cm^. 
c 

The  Important  dlmenslcxis  vere  a  cathode  vldth  of  O.505  Inch  and  a 
circuit-sole  spacing  of  0.225  Inch. 

Figure  3*2  Indicates  the  electron  trajectories  obtained,  vith 
space-charge  effects  Included,  under  the  assumption  of  a  uniform 
emission  of  0.048  amp/cm^  over  the  cathode  surface.  It  Is  readily 
appeurent  that  the  gun  did  not  generate  a  laminar  beam.  The  principal 
reason  for  the  nonlcunlnarlty  vas  the  manner  In  ^Ich  the  electrons  from 
the  rear  portion  of  the  cathode  (section  A-B)  moved  through  the  remainder 
of  the  beam  before  reaching  the  gun  exit  plane. 

Figure  3*3  Illustrates  the  beam  configuration  vhcn  the  cathode 
vas  no  longer  considered  to  be  emitting  electrons  uniformly  across  Its 
surface.  The  cathode  current  density  variation  Indicated  greater 
emission  from  the  center  portion  of  the  cathode  than  from  any  other 
region.  Hovever,  the  average  cathode  current  density  vas  still  con¬ 
sidered  to  be  0.048  amp/cm®.  The  beam  vas  still  nonlaminar  with  the 
electrons  in  the  upper  part  of  the  beam  being  responsible  for  most  of 
the  turbulence.  Various  other  J  distributions  vere  considered  but  they 
all  resulted  in  essentially  the  same  type  of  nonlamlneu*  flov  behavior. 
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ASSUME®  TO  EXIST  NEAR  THE  CEWTER  OF  THE  CATHODE.  (J  =  O.Oi*^  AMP/CM*) 

c  avg  ' 


Investigation  of  Pig.  3«2  in  greater  detail  indicates  the  possl* 
bility  of  achieving  a  relatively  laminar  beam  by  restricting  emission 
to  only  a  portion  of  the  original  cathode;  e.g. ,  the  electrons  emitted 
from  section  BO  apparently  form  a  nearly  laminar  beam.  However,  If  the 
space  charge  produced  by  those  electrons  emitted  from  section  A-B  were 
removed  from  the  beam  the  BO  trajectories  would  be  different  unless 
the  external  electrodes  could  be  modified  to  produce  the  same  effect  as 
the  removed  space  chaurge. 

Figure  3*4  iUxistrates  the  electron  flow  when  emission  was 
restricted  to  only  section  B-C  of  the  cathode.  The  removal  of  the  space 
charge  contributed  by  those  electrons  emitted  from  sections  A-B  and  C-D 
required  a  decrease  in  focusing  anode  voltage  and  maignetic  field  to  31^ 
volts  and  107  gauss  respectively.  These  modifications  were  necessary 
to  prevent  interception  of  the  beam  by  the  focusing  anode.  This  reduction 
in  cathode  area  resulted  In  the  formation  of  a  nearly  laminar  beam  with 
a  convergence  of  about  3*3  'to  1.  This  flow  was  also  based  on  a  uniform 
eBd.ssl(xi  of  0.048  amp/cm^.  Later  in  this  chapter  it  will  be  shown 
that  uniform  emission  from  section  B-C  of  the  cathode  corresponds  to 
the  space-charge>llmited  behavior  of  the  Kino  gun.  That  is,  the  space- 
charge-llmlted  invest Igatlcxi  indicates  relatively  uniform  emission  from 
the  center  portion  of  the  cathode  but  not  from  the  edges.  Consequently 
the  situation  of  Fig.  3*4  corresponds  to  a  removal  of  the  nonuniform 
emitting  end  sectlcxis  of  the  cathode.  This  flow  also  has  the  physical 
interpretation  that  sections  A-B  and  C-D  of  the  cathode  have  been 
poisoned  and  az*e  no  Icxiger  capable  of  emission. 

As  suggestied  above,  the  beam  formed  by  the  reduced  cathode  was 
nearly  laminar  as  it  crossed  plane  A-A  in  the  anode-sole  region.  The 
production  of  a  Brlllouln  beam  by  the  gun  requires  a  convergence  of 
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as  indicated 


K 


1*^ 


in  Chapter  II. 


For  the  conditicms  of  Fig. 


(3.6) 


J  =  0.0U8  amp/ciD?, 

c 

0)^  s  1.88  X  10^  radians/sec, 

W  «  3*80  X  lO"®  meter,  and 

a  «  2.80  X  10“®  meter. 

Substitution  of  these  values  into  Eq.  3.1  results  in  a  convergence  value 
of  K  «  4.2  which  is  close  to  the  measured  value  of  3*8.  This  suggests 
that  the  gun  is  capable  of  producing  nearly  laminar  flow  if  emission  is  ^ 
restricted  to  the  B-C  portion  of  the  cathode. 

Any  attenqpt  to  generate  a  decent  beam  from  a  wider  cathode 
requires  certain  modifications  of  the  electron  gun  configuraticm. 

Changes  in  the  focusing  anode  seemed  to  offer  the  greatest  possibility 
of  increasing  the  cathode  width  without  destroying  the  beam  laminar ity. 

As  mentioned  before,  the.  ncsllaminarity  was  created  primarily  by  those 
electrcms  coming  from  the  rear  section  of  the  cathode.  The  rapidity 
with  which  these  electrons  curved  throvigh  the  remainder  of  the  beam 
indicated  that  the  average  electric  field  which  these  particles  experi¬ 
enced  was  not  sufficient  to  balance  the  magnetic  force.  Thvis  em 
increase  in  the  electric  field  in  this  portion  of  the  gun  would  seem  to 
offer  some  eulvantage  In  Improving  the  electron  trajectories.  The  simplest 
procedure  for  increasing  the  electric  field  was  to  depress  the  rear 
porticm  of  the  focusing  anode  towards  the  cathode.  Varioiis  modifications 
of  this  electrode  were  investigated.  Figure  3.3  illustrates  the  optimum 
focusing  anode  configuration  for  Increasing  the  xaseful  emitting  area  of 


the  cathode.  Althou^^  there  are  no  trajectory  croaalnga  In  the  gun 
region  there  is  no  doubt  that  the  beam  viU  be  quite  nonlanlnar  in  the 
anode-sole  region. 

The  above  invest igaticms  indicate  the  existence  of  two  funda¬ 
mental  limitations  for  crossed- field  electron  injection  systems: 

1.  There  is  a  maximum  convergence  vhich  a  gun  can  Impose  on  an 
electron  beam  and  still  satisfy  the  conditions  of  laminar  flov. 

2.  For  a  given  injection  system  there  is  a  maximum  cathode  width 
from  vhich  a  BriUouin  beam  can  be  obtained. 

Both  of  these  conditions  are  dirt^ct  consequences  of  the  restric¬ 
tion  of  the  space-charge  density  in  a  laminar  beam  to  the  BriUouin 
valxae^  Any  attempt  to  increase  either  the  convergence 

or  the  cathode  vidth  beyond  the  limiting  values  will  result  in  the 
generation  of  nonlaminar  flow. 

3*3  Investigation  of  the  Extended  Kino  Short  Gun 

The  experimental  beam  analyzer  investigations  described  in  Chapter 
VII  involved  the  electron  flow  obtained  from  the  gun  shown  in  Fig.  3.6. 
This  again  is  a  Kino  short  gun  except  that  the  exit  plane  has  been 
extended  well  beyond  the  theoretical  m^t  >  2x  cut-off  plane.  This  con¬ 
figuration  will  henceforth  be  referred  to  as  the  extended  KLno  short 
gun.  The  use  of  a  narrow  ('O.O3O  inch  vide)  cathode  presumably  should 
simplify  the  achievement  of  laminar  flow. 

The  Poisson  cell  analog  of  this  configuration  was  investigated  to 
detenalne  the  beam  characteristics  in  the  gun  region  and. to  correlate 
the  results  with  the  experimental  beam  analyzer  data.  The  operating 


conditions  were 


-70- 


=  15^  volts, 

9  =  2500  volts,  euad 

& 

B  =  368  gauss. 

The  space-charge- i'ree  trajectories  are  shown  in  Fig.  5. 7*  With 
the  above  voltages  and  magnetic  field,  the  theoretical  current  density 
for  this  design  ahould  be  0.8  amp/cm^. 

The  initial  Poisson  cell  investigation  was  concerned  with  evalu¬ 
ating  the  effect  of  different  cathode  current  densities  on  the  resultsuat 
beam  configuration.  The  analysis  was  carried  out  for  uniform  emlssicxi 
of  0.5,  1.0,  1.5,  and  2.0  amp/cm®.  The  corresponding  space-charge  flow 
patterns  are  Illustrated  in  Figs.  3*8  through  3*11  respectively.  The 

J  =  0.5  beam  indicated  that  the  space-charge  density  was  not  sufficient 
c 

to  prevent  the  flow  froo  beccming  ncmiamlnar.  The  nonlamlnarity  of  the 
beam  is  displayed  by  the  manner  in  which  the  upper  two  electrons  cross 
into  the  remainder  of  the  space  charge  shoirtly  after  emlsslcai  frcan  the 
cathode . 

When  the  cathode  current  density  was  increased  to  1.0  amp/cm^  the 
trajectories  were  Improved  and  no  severe  cross-overs  occurred.  In  fact 
the  beam  was  nearly  laminar  in  the  region  of  the  gun  adjacent  to  the 
cathode.  Costpeurlson  of  the  =  0.3  and  1.0  trajectories  indicates  that 
the  location  aind  general  configuration  of  the  beams  were  essentially  the 
same.  This  significant  result  indicates  that  the  macroscopic  or  gross 
characteristics  of  the  beam  are  not  critically  dependent  on  the  behavior 
of  the  indlvldiial  electrons  which  comprise  the  flow.  In  other  words , 
for  this  particxilar  case  doubling  the  current  has  not  altered  the  beam 
configuration  to  any  great  extent. 
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However,  when  was  increased  to  1.5  em-ps/cv? ,  the  beam  began 
to  open  up  and  became  more  non  laminar.  Nevertheless,  the  location  of 
the  beam  was  approxlKAtely  the  same  as  In  the  previous  two  cases. 

The  final  situation  of  «  2.0  amps/cai^  resulted  In  an  unfavorable 
situation  \rtiereln  the  trajectories  spread  apeurt  rapidly  and  the  beam 
became  unstable.  In  other  words,  there  was  too  much  current  and  space 
charge  1.  *'he  beam  thus  causing  the  flow  to  becosie  nonlamlnar  shortly 
after  emission  from  the  cathode. 

These  results  suggest  that  the  beam  configuration  was  not  directly 

dependent  on  the  cathode  cxirrent  density  as  long  as  the  value  of  was 

not  greatly  different  from  the  theoz^tlcal  Kino  value.  The  beam  location 

was  essentially  the  same  In  each  case  although  the  degree  of  lamlnarlty 

was  related  to  the  cathode  cuirrent  density.  The  principal  difference 

was  that  the  beam  width  Increased  as  J  Increased  until  the  flow  became 

c 

unstable  at  approximately  2.0  aaqpe/cm^. 

Each  of  the  above  Investigations  Involved  the  properties  of 
electron  beams  formed  by  assuming  uniform  emission  from  the  cathode. 

This  corresponds  to  the  temperature -limited  operation  of  the  cathode; 
l.e.,  with  fixed  9^  and  B  the  totcO.  cuz*rent  leaving  the  emitting  surface 
Is  determined  by  the  cathode  temperatxare .  This  Is  quite  different  from 
the  space- charge- limited  operation  of  a  cathode  where  the  emitted  ciirrent 
Is  uniquely  dependent  on  the  focusing  anode  voltage  and  magnetic  field. 
Nevertheless,  the  above  results  qualitatively  describe  the  deviation 
from  theoretical  flow  which  results  when  the  current  deiislty  is  slightly 
different  from  the  theoretical  design  value. 

The  space-charge-limited  behavior  of  a  crossed- field  gun  requires 
a  slightly  more  detailed  Investigation  of  the  conditions  near  the  cathode. 
In  particular  the  emission  from  each  point  along  the  cathode  must  be 


-77- 


8uch  as  to  result  in  a  zero  electric  field  value  at  the  surface.  Thus 
for  specified  and  B  values  there  is  only  one  distribution  which 
will  satisfy  the  requirement  of  space-charge-limited  flow.  The  Poisson 
cell  evaluation  for  this  type  of  flow  requires  the  introduction  of 
certain  conditions  at  the  cathode.  The  proper  cathode  current  density 
distribution  is  evaluated  by  assvc&ing  that  the  potential  in  the  immediate 
vicinity  of  the  cathode  satisfies  Child's  lav  for  a  planar  diode, 

J  ^  ^  •  (3.7) 

y  is  the  distance  from  the  cathode  to  the  outer  edge  of  the  first  row 
of  space -charge •simulation  sources  while  <p  is  the  potential  at  this 
point.  If  for  a  given  there  is  disagreement  between  this  theoretical 
9  value  and  the  actual  voltage  as  measured  on  the  Poisson  cell,  a  diffe3> 
ent  value  is  required.  When  a  self-consistent  solution  is  achieved, 
the  voltages  at  the  edge  of  the  first  row  will  be  in  agreement  with  the 
theoretical  values  obtained  from  Eq.  3*7 •  Since  the  electron  beam  in 
the  Kino  gun  is  derived  on  the  assxmiption  that  the  current  density  is 
uniform  along  the  cathode,  it  is  obvious  that  if  the  theoretical  flow 
can  not  be  achieved  there  m\ist  be  a  ncxiuniform  emission  from  the  cathode 
surface . 

The  analysis  which  follows  is  concenied  with  the  space-charge- 
limited  flow  in  the  extended  Kino  short  gvin.  The  investigation  was 
started  by  assuming  a  uniform  cathode  current  density  of  0.8  amp/cm^ 
which  was  approximately  the  same  value  as  prescribed  by  theory.  After 
several  iterations  of  the  space  charge  simulation  process  it  became 
obvious  that  space-charge-limited  operation  with  uniform  was  impossi¬ 
ble.  Varioxis  J  distributions  were  considered  until  finally  the 
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self-conslstent  trajectories  of  Fig.  were  obtained.  Comparison  with 

earlier  investigations  indicated  that  the  space-charge-limited  beam 
configuration  and  locatic»i  agreed  reasonably  well  with  the  =0.5 
and  1.0  amp/cm^  results.  Thus  even  with  nonuniform  emission  from  the 
cathode  (see  Fig.  3.13)  the  electron  trajectories  are  similar  to  previous 
investigations  in  which  uniform  conditions  were  assumed. 

The  nonimiform  emission  illustrated  in  Fig.  3>13  indicates  that 
the  cathode  current  density  varied  from  a  minimum  of  0.53  amp/cm^  on 
the  left  edge  of  the  cathode  to  I.03  amps/no^  on  the  right  edge.  This 
result  is  in  agreement  with  the  earlier  investigation  of  the  wide  cathode 
Kino  gun.  In  that  case  the  electric  field  in  the  left  region  of  the  gun 
was  observed  to  be  too  small  to  allow  the  electrons  emitted  from  this 
section  of  the  cathode  to  follow  the  proper  trajectories.  The  extended 
Kino  gun  results  indicate  that  this  improper  field  is  also  responsible 
for  reducing  the  emissicHi  from  this  part  of  the  cathode. 

The  above  results  are  contrary  to  the  fact  that  one  would  expect 
a  suppressicxi  of  emission  from  the  right  side  of  the  cathode  rather 
than  the  left.  In  other  words,  the  electrons  emitted  from  the  left  side 
would  peiss  over  the  rest  of  the  cathode  au3d  hence  would  depress  the 
potential  and  electric  field  in  the  right  portion  of  the  gun.  It  then 
follows  that  emission  from  this  part  of  the  cathode  would  be  reduced. 
However,  this  interpretation  implies  a  gun  system  in  which  the  focusing 
electrode  is  planar  and  located  parallel  to  the  cathode  surface.  This 
results  in  the  space- charge- free  electric  field  being  uniform  along  the 
cathode  surface.  Thxis,  with  a  beam  present  the  space  charge  above  the 
right  part  of  the  cathode  combines  with  the  space-charge-free  field  to 
produce  a  net  electric  field  which  is  smaller  than  at  the  left  edge  of 
the  cathode.  Thus  it  is  obvious  that  the  emission  must  be  reduced  alcmg 


FIG.  5.12  POISSON  CELL  TRAJBCT(»IES  ASSUMIHC  SPACE-CHARGE- LIMITED  EMISSION  FROM  THE  CATHODE 
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the  right  edge  in  this  situation.  However,  in  the  Kino  gun  the  focusing 
anode  is  not  equally  displaced  from  each  section  of  the  cathode.  In 
particular  it  is  located  much  farther  from  the  left  side  of  the  cathode 
than  from  the  right  side.  Thxis  the  charge-free  field  along  tne  rear 
of  the  cathode  is  significantly  less  than  on  the  front  edge.  As  the 
electrons  move  through  the  gun  they  do  tend  to  depress  the  field  on 
the  right  more  than  on  the  left,  but  the  results  indicate  that  this 
depression  is  not  sufficient  to  offset  the  greater  field  produced  by 
the  focusing  anode  on  the  front  edge  of  the  cathode.  Consequently  it 
should  be  expected  that  the  investigation  would  indicate  greater  cathode 
current  densities  along  the  right  edge. 

The  observation  of  nonuniform  emission  from  the  cathode  of  a  Kino 
short  gun  has  been  substantiated  by  Midford^^  in  his  experimental  investi¬ 
gations.  Gas  was  introduced  into  his  tube  during  its  operation  and 
photographs  were  then  taken  of  the  ionized  beam.  These  photographs 
vividly  illustrate  a  suppressed  emission  from  the  rear  of  the  cathode 
thus  agreeing  with  the  Poisson  cell  results.  The  difference  in  the 
cathode  emission  characteristics  of  the  Kino  gun  and  the  planar  diode 
injection  system  is  a  result  of  different  electrode  configurations  and 
is  not  indicative  of  contradictory  behavior  of  the  electron  beams  in  the 
two  situations. 

The  Poisson  cell  analysis  of  the  extended  Kino  short  gun  indicated 
an  average  space-charge-limited  cathode  current  density  of  0.79  amp/cm^. 
This  was  in  good  agreement  with  the  theoretical  uniform  Kino  value  of 
0.8  amp/cm^  and  suggested  that  the  total  beam  current  obtained  by  the 
Poisson  cell  was  nearly  identical  to  the  Kino  value  for  the  selected 
and  B  values. 
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The  above  extended  gun  resxilts  suggested  the  possibility  of 
improving  the  flow  from  the  cathode  by  locating  an  auxiliary  electrode 
closer  to  the  left  edge  of  the  beam.  Figure  3*1^  illustrates  the  tra¬ 
jectories  obtained  when  an  auxiliary  electrode  is  located  along  the 
9  =:  640  volt  theoretical  equi potential.  However,  this  electrode  did 
not  appear  to  affect  the  cathode  current  density  distribution  to  any 
great  extent  although  it  did  increase  the  average  cathode  current  density 
from  0.79  to  0.8?  amp/cm®. 

Figure  3*15  illustrates  the  situation  when  the  auxiliary  electrode 
voltage  was  increased  to  830  volts.  Once  again  the  current  distribution 
is  unchanged  except  for  increasing  the  average  value  to  O.96  amp/cm^. 
The  current  density  distributions  across  the  cathode  for  the  auxiliary 
electrode  investigations  are  shown  in  Fig.  3.I6.  These  results  indicate 
that  the  achievement  of  more  uniform  emission  will  not  be  possible  unless 
the  electric  field  in  the  rear  ixjrtion  of  the  gun  cam  be  increased.  One 
possibility  is  the  curvature  of  the  rear  of  the  focusing  anode  down 
towards  the  cathode,  a  situation  considered  earlier  in  this  chapter. 
Another  possibility  is  the  modification  of  the  cathode  ramp  electrodes. 
Such  a  study  was  carried  out  during  a  digital  computer  analysis  of  a 
shortened  Kino  gun  and  the  results  will  be  presented  in  Chapter  IV. 

3.4  General  Conclusions  of  the  Poisson  Cell  InvestlgaticMi 

The  investigation  of  the  various  electron  injection  systems  has 
resxjilted  in  the  following  observations: 

1.  There  is  a  maxiimim  convergence  ratio  which  is  compatible  with 
the  formation  of  a  BriUouin  beam. 

2.  There  is  a  maximisn  cathode  width  from  ^ich  Brilloxiin  flow 


can  be  achieved. 


CURVE  IN  THE  KINO  SHGRT  GUN 
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THE  VARIOUS  AUXILIARY  E1£CTR(X>E 


3*  The  beam  location  and  configuration  In  the  Kino  gun  Is  not 
critically  dependent  on  the  current  unless  operation.  Is  attempted  for 
values  greatly  exceeding  the  theoretical  value. 

4.  The  apace-charge-llmlted  behavior  of  the  extended  Kino  short 
gun  results  in  nonunlfom  emission  from  the  cathode. 

3*  The  average  value  for  space-charge- limited  operation  is 
approximately  the  same  as  the  uniform  value  predicted  by  the  theory. 
Further  evidence  substantiating  some  of  these  conclusions  will  be 
presented  in  the  chapters  which  follow. 


CHAPTER  IV.  DIGITAL  COMPUTER  IHVESTIGATIOf  OF 


CROSSED- FIELD  ELECTRON  GUNS 


4.1  Introduction 

A  digital  computer  program  has  been  developed  by  Boers**  for 
the  determination  of  electron  trajectories  in  crossed-field  devices. 

The  program  uses  a  7200  point  matrix  to  simulate  the  gun  geometry  euid 
electric  fields.  The  d-c  electric  field  produced  by  the  application 
of  voltages  to  the  various  electrodes  in  the  actual  device  is  simulated 
by  assigning  the  appropriate  potentials  to  those  matrix  points  which  lie 
along  a  given  electrode  curve.  Relaxation  techniques  are  employed  to 
evaluate  the  electric  fields  which  act  on  the  electrons  during  their 
motion.  The  magnetic  field  can  be  variable  but  for  crossed-field 
analyses  it  has  been  assumed  to  be  uniform. 

The  regular  trajectory  program  begins  by  assigning  initial  con¬ 
ditions  to  the  electrons  at  the  edge  of  the  first  matrix  row  adjacent 
to  the  cathode.  The  electrons  are  assumed  to  have  been  emitted  with 
zero  velocity  from  a  space-charge-limited  cathode.  Thus  the  potential 
distribution  in  the  cathode  region  must  satisfy  Child's  law 


and  for  a  given  cathode  current  density  the  electrons  at  the  first 
matrix  point  must  have  an  initial  energy  prescribed  by  Eq.  4.1. 

It  is  also  possible  to  include  the  effects  of  a  potential  minimum 
near  the  cathode  in  which  case  it  is  necessary  to  introduce  nonzero 
emission  velocities  for  the  electrons.  The  analysis  requires  a  two-stage 


-87- 


-88- 


process  whereby  the  first  step  involves  the  simulation  of  the  voltage 
distribution  neaur  the  cathode.  The  electron  trajectories  are  investi¬ 
gated  in  this  potential  ainlsnM  region  and  the  velocity  components  aure 
■eatsxired  at  the  first  matrix  place.  This  data  is  then  used  as  the 
initial  conditions  for  the  regular  computer  program  for  determining  the 
electron  trajectories  in  the  remainder  of  the  gun  region.  The  above 
results  provide  both  a  description  of  the  electron  beam  configxiraticxi 
and  an  indication  of  the  effect  of  initial  velocities  on  the  individual 
trajectories . 

The  digital  cootputer  program  has  been  applied  to  the  evaluation 
of  space-chaurge  flows  produced  by  various  Kino  gun  configurations.  Some 
of  these  investigations  involved  the  same  type  of  guns  as  were  used  in 
the  Poisson  cell  auialyses  and  consequently  will  not  be  discussed  in 
detail  here.  However,  a  comparison  of  the  results  obtained  by  the  two 
methods  is  sunmiaurized  below. 

The  investigations  of  a  Kino  short  gun  which  is  terminated  prior 

to  the  00  t  «  2ic  plauie  are  described  in  detail.  Changes  in  the  ramp  and 
o 

focus ing-auiode  electrodes  were  eval\>ated  in  terms  of  their  effect  on 
the  electron  trajectories  and  cathode  current  density  distribution. 

This  gun  was  aJso  used  ais  the  model  for  studying  the  trajectories  of 
electrons  which  had  traversed  a  potential  mlnlrniim  region  adjacent  to  the 
cathode. 

4.2  Coiq)arison  with  Poisson  Cell  Results 

Figure  4.1  illustrates  an  electrode  configuration  which  is 
identical  to  the  Poisson  cell  model  of  the  ICLno  gun  described  in  Fig. 

5.1.  The  solid  curves  aure  the  trajectories  obtained  from  the  digital 
computer  solution  of  the  problem  while  the  broken  curves  represent  the 
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correspooding  Poisson  cell  results.  The  trajectories  obtained  by  the 
tvo  Methods  are  generally  quite  similar  especially  neso*  the  cathode. 

It  Is  only  when  the  trajectories  approach  points  of  Intersection, 
Indicating  nonlamlnar  flov,  that  significant  differences  occxir.  Never¬ 
theless,  the  general  beam  configurations  are  essentially  the  same. 

This  was  a  space-charge- limited  analysis  In  vhlch  the  average  cathode 
current  density  vas  fotxnd  to  be  approximately  0.0^8  amp/cm^  rather 
than  the  theoretical  valxae  of  0.048. 

Figure  4.2  compares  the  Poisson  cell  auad  digital  trajectories 
vhen  the  focusing  anode  configuration  vas  modified.  These  results  were 
both  obtained  under  the  asoxaptlon  of  a  uniform  cathode  emission  of 
0.048  amp/em^.  In  each  case  i\  vas  quite  apparent  that  the  flow  became 
nonlamlnar  as  the  beam  approaehfed  the  gun  exit  plane. 

Figure  4.3  Illustrates  the  digital  computer  trajectories  for 
the  extended  Kino  short  gun  of  Fig.  3*12.  As  In  the  Poisson  cell 
analysis,  this  investigation  vas  concerned  vlth  space-charge-limlted 
operation.  The  analog  stxidy  described  eaurlier  Indicated  that  the  current 
density  vas  variable  across  the  cathode.  The  digital  Investigatlem  also 
indicated  nonuniform  emission  as  Is  illustrated  In  Fig.  4.4  vhlch 
cosqsupes  the  cathode  current  density  distributions  for  both  the  Poisson 
cell  and  digital  computer  analyses.  The  results  aure  slaillar  except  near 
the  right  edge  of  the  cathode.  Both  results  are  derived  by  assuming  the 
existence  of  a  Child's  lav  potential  distribution  betveen  the  cathode  auid 
some  anrbltraury  plauie  a  short  distance  avay.  FOr  the  Poisson  cell  analy¬ 
sis,  the  arbitrary  plane  vas  located  only  half  as  far  from  the  cathode  as 
It  vas  In  the  digital  analysis  (0.003  inch  as  compared  vith  0.010  Inch, 
actual  tube  dimensions).  The  manner  in  vhich  the  region  immediately 
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FIG.  4.2  COMPARISON  OF  DIGITAL  COMPUTER  AND  POISSON  CELL  TRAJECTORIES  FOR  OHE  MODIFIED  KINO  SHORT  GUN 
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adjacent  to  the  cathode  is  handled  does  not  seem  to  Influence  the 
emission  from  the  cathode  to  any  great  extent.  This  means  that  the 
solution  to  the  problem  should  not  be  critically  dependent  on  the 
manner  In  which  the  space  charge  is  simulated  neair  the  cathode.  How¬ 
ever,  the  different  locaticxi  of  the  arbitrary  plane  probably  is 

partially  responsible  for  the  discrepancy  in  the  J  values  along  the 

c 

right  edge  of  the  cathode.  (The  ramp  electrodes  also  greatly  affect 
the  edge  emissicxi  from 'the  cathode  as  will  be  Illustrated  in  the 
following  section.)  The  average  digital  computer  value  of  cathode 
current  density  Is  approximately  0.82  amp/cm^  which  agrees  favorably 
both  with  the  Poisson  cell  result  of  0.79  amp/cm^  and  the  theoretical 
value  of  O.dO  amp/cm^. 

In  general,  comparison  between  the  Poisson  cell  and  digital 
computer  results  indicates  that  the  trajectories  are  quite  similar. 

The  discrepancies  which  do  exist  are  mostly  attributable  to  the  diffi¬ 
culty  in  simulating  accurately  the  space-charge  densities  in  regions 
^ere  electron  trajectories  Intersect.  In  such  regions  the  manner  in 
idilch  the  space  charge  is  represented  greatly  affects  the  subsequent 
motion  of  the  electrons.  The  difference  in  the  initial  conditions 
(i.e.,  initial  po8itlc»  and  velocity)  which  are  used  in  the  two  methods 
geneiate  sooie  difference  but  as  indicated  in  Pig.  4.1  and  4.2  these  are 
not  significant.  At  least  this  is  true  ^en  the  electrons  are  restricted 
to  leave  the  cathode  oily  in  the  normal  direction. 

4.3  Abbreviated  Kino  Gun  Investigations 

As  described  previously,  t  le  Kino  shoz*t  gun  flow  results  in  a  theo 
retical  infinite  space-charge  den  ity  at  a>^t  »  2x  along  a  trajectory. 
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A1 though  such  densities  cannot  be  achieved  in  practice,  it  does  indicate 
the  possibility  of  beam  instabilities  in  the  vicinity  of  the  2x  point. 

This  difficulty  can  be  circumvented  by  terminating  the  gun  design  prior 
to  the  critical  region.  Such  an  abbreviated  Kino  short  gun  is  illus¬ 
trated  in  Fig.  4.5  which  also  includes  the  theoretical  trajectories. 

The  upper  beam  boundary  electron  reaches  the  gun  exit  plane  at  =  280® 
and  the  lower  edge  electron  at  to^t  =  2U8®. 

The  anode-sole  region  is  designed  to  match  as  closely  as 
the  conditions  in  the  exit  beam  with  those  required  for  rectilinear, 
Brlllouln  flow.  The  analysis  of  the  theoretical  gun  and  the  matching 
conditions  are  presented  in  Appendix  C.  For  the  configuration  of  Fig.  4.5 
the  cathode  width  is  2.54  x  10*^  meter  while  the  anode-sole  spacing  is 
4.70  X  10"*  meter.  The  ainode  and  sole  are  also  tilted  approximately 
8.5*  vlth  respect  to  the  cathode.  The  operating  conditions  are 

B  =  500  gauss, 

=  5565  volts, 

O 

qp^  =  2850  volts, 

=  <I'3  =  0, 

and  a  theoretical  current  density  of  =  0.628  amp/cm^. 

The  electron  trajectories  obtained  from  the  space-charge- limited 
operation  of  the  abbreviated  gun  under  the  above  conditions  are  illus¬ 
trated  in  Fig.  4.6  which  also  Includes  a  theoretical  trajectory  for 
comparison.  Although  the  indlvidxral  trajectories  are  similar  to  the 
theoretical  path,  the  flow  is  still  quite  nonlamlnar.  The  current  density 
variation  across  the  cathode  is  also  illustrated  in  this  figure  and 
indicates  that  the  emission  from  the  rear  edge  is  suppressed.  The 
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emlsslOQ  Is  greatest  Trom  the  center  portion  of  the  cathode  euid  drops  off 
slightly  at  the  front  edge.  However,  the  average  J  value  is  approxi- 
mately  0.625  amp/cm^  which  is  surprisingly  close  to  the  theoretical 
desl^  value  of  0.628  amp/cm^. 

The  low  J  value  at  the  rear  of  the  cathode  and  the  relatively 
o 

sharp  curvature  of  the  trajectory  for  those  electrons  which  are  emitted 
frca  that  reglcxi  indicate  that  the  average  electric  field  in  this  region 
is  insxjifflcient  to  allow  either  the  proper  emission  density  or  the 
desired  electrcxi  motion.  A  similar  type  of  behavior  was  also  x>olnted 
out  In  Chapter  III  for  the  Poisson  cell  analysis  of  the  extended  Kino 
short  gun. 

Figure  4.7  Illustrates  the  trajectories  obtained  when  the  focusing 
anode  was  extended  back  parallel  to  the  cathode  from  the  gun  exit  pleuie 
auid  the  front  ramp  electrode  was  lowered  slightly.  The  combined  effect 
of  these  changes  is  threefold: 

1.  The  trajectories  in  the  beam  are  spread  apart  although  the 
upper  trajectory  is  still  undesirable. 

2.  The  beam  passes  much  closer  to  the  focusing  anode. 

3.  The  cathode  current  density  distribution  becomes  extremely 
nmunlform  with  the  emission  from  the  rear  being  less  than  before  and 
that  from  the  front  being  greater. 

The  existence  of  ncxiunlform  emission  is  not  surprising  but 
certainly  the  reduced  emission  from  the  rear  of  the  cathode  is  unexpected; 
i.e.,  as  mentioned  earlier  the  operation  of  parallel-plane  electrcxi 
injection  systems  should  result  in  reduced  emission  from  the  front  of 
the  cathode  and  not  from  the  rear.  This  was  attributed  to  the  fact  that 
the  entire  beam  passes  over  the  front  portion  of  the  cathode  euid  thus 
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•uppresses  both  the  electric  field  and  emiasioo  in  that  region.  The 
contradictory  effect  observed  in  Fig.  4.7  clearly  demonstrates  that 
the  raiQp  electrodes  and  not  the  focusing  anode  are  the  controlling 
factors  in  the  uniformity  of  esiission  from  the  cathode.  Ccmsequently 
by  lovering  the  rear  ramp  it  should  be  possible  to  improve  the  emission 
from  the  rear  of  the  cathode.  The  modification  in  trajectories  caused 
by  the  change  in  the  front  ramp  electrode  Indicates  that  the  beam  shape 
can  also  be  controlled  by  the  ramps. 

Figure  4.8  illustrates  the  resxxlts  when  the  focusing  anode  was 
returned  to  its  original  position >  the  front  ramp  angle  was  Increased 
to  19*  and  the  rear  ramp  angle  was  decreased  to  l6.^*.  The  change  in 
the  rear  ramp  greatly  improved  the  trajectory  of  the  electrons  emitted 
from  that  edge  of  the  cathode.  Hovever,  the  front  ramp  slope  was  too 
large  and  resvuLted  in  the  lover  electron  entering  the  beam  in  a  non- 
lamlnar  manner.  The  most  significant  result,  hovever,  was  the  achieve¬ 
ment  of  Increased  esiission  from  the  rear  of  the  cathode.  The  larger 
values  in  this  region  cause  an  increase  in  the  amount  of  space-charge 
which  passes  over  the  front  edge.  This  condition  in  conjunction  with 
the  increased  slope  of  the  front  ramp  results  in  decreased  emission 
from  the  front  edge  of  the  cathode. 

Figure  4.9  shows  the  effect  of  reducing  the  front  ramp  slope 

to  8*.  The  upi>er  trajectories  were  essentially  unaffected  but  the 

electrons  esiltted  from  the  front  of  the  cathode  were  significantly  lover 

which  indicated  that  the  slope  was  now  too  small.  The  emission  was  still 

nonuniform  but  the  current  density  distribution  was  such  that  J  was 

c 

greater  along  the  edges  than  at  the  center  of  the  cathode. 
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FIG.  4.9  EI£CTR0H  TRAJECTORIES  AHD  DISIRIBUTIOH  FOR  8*  fRONT  RAMP  EIECTRODE 
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Flgure  U.lOa  Illustrates  a  well-defined  beam  which  was  obtained 
by  Increasing  the  front  ramp  slope  to  11".  The  exit  beam  was  slightly 
wider  than  the  Brlllouin  beam  which  Is  compatible  with  the  Interaction 
reglcxi  ccxidltlons.  The  cathode  emission  was  still  slightly  nonuniform 
although  It  was  an  Improvement  over  the  preceding  runs. 

Figure  4.10b  Illustrates  the  variation  In  velocity  across  the 
beam  at  planes  C-C,  and  D-D.  If  the  beam  were  exactly  laminar^ 

then  the  velocity  gradient  across  the  beeuD  would  equal  a>  as  Indicated 
In  the  figure.  As  the  beam  leaves  the  gun  region  ( plane  B-B)  the  actual 
velocity  gradient  or  beam  slippage  Is  approximately  the  desired  Brlllouin 
value.  However^  the  beam  thickness  Is  greater  than  the  Brlllouin  thick¬ 
ness  Indicating  a  deficiency  of  si)ace  charge  %rlthln  the  beam.  The  * 

velocity  slip  at  two  later  cross-sections  of  the  beam  (C-C  emd  D-D)  Is 
still  approximately  the  same  as  the  Brlllouin  value  although  the  beam  is 
becoming  narrower.  This  Is  caused  by  the  slight  angle  at  which  the  beam 
Is  moving  with  respect  to  the  sole  and  anode  planes.  The  small  sjMce- 
charge  density  at  the  gun  exit  also  Is  responsible  for  the  decreasing 
beam  thickness  behavior. 

The  Interesting  feature  is  the  apparent  ability  of  the  beam  to 
maintain  the  same  velocity  gradient  at  any  cross-section  even  though 
the  beam  thickness  Is  changing.  The  above  operating  conditions  satisfy 
the  requirements  of  irrotational  space-charge  flow  which  will  be  discussed 
in  the  following  chapter.  It  is  shown  there  that  the  required  behavior 
of  irrotational  flow  is  a  velocity  gradient  of  precisely  across  any 
treuisverse  section  of  the  beam.  Thus  the  above  results  are  not  completely 
unexpected. 

Figure  4.11  illxistrates  the  results  when  the  angles  of  the  front 
and  rear  ramps  were  changed  to  14"  and  22.5*  respectively.  The 
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trajectories  were  modified  slightly  resulting  In  a  thinner,  less  laminar 
beam.  The  motion  of  the  upper  electron  Is  such  as  to  carry  It  Into  the 
beam  at  approximately  the  exit  plane  of  the  gun.  The  significant  res\ilt 
of  the  modification,  however.  Is  the  achievement  of  nearly  uniform 
emission  from  the  entire  cathode.  As  Indicated  In  Fig.  4.11  this  current 
density  Is  0.820  amp/cm^. 

The  above  Investigations  clearly  Indicate  that  the  space-charge- 
flow  characteristics  are  strongly  dependent  on  the  shape  of  the  x*amp 
electrodes.  In  particular.  It  Is  possible  to  obtain  either  uniform 
cathode  emission  or  nearly  laminar  flow  simply  by  modifying  the  ramps. 
However,  the  simultaneous  achievement  of  uniform  emission  euid  laminar 
flow  Is  not  possible  without  addltlcxial  modifications  Involving  the 
focusing  anode  sti*ucture. 

One  of  the  questions  which  frequently  arises  concerning  the 
operation  of  thermionic  cathodes  is  the  effect  on  the  electron  beam 
when  a  portion  of  the  cathode  becomes  Incapable  of  emission.  Utilizing 
the  geometry  of  Fig.  4.10  this  problem  was  analyzed  by  first  considering 
zero  emission  from  the  front  edge  of  the  cathode  (Fig.  4.12)  euid  then 
from  the  rear  edge  (Fig.  4.13).  In  Fig.  4.12  the  absence  of  emission 
frcxn  the  front  edge  has  not  affected  either  the  trajectories  or  the 
values  along  the  rear  of  the  cathode.  However,  those  electrons 
which  leave  the  front  portion  of  the  reduced  cathode  are  significantly 
modified  with  the  trajectories  being  lower  and  the  values  appreciably 
greater.  Both  of  these  results  are  a  direct  consequence  of  the  absence 
of  space  charge  frcm  the  lower  edge  of  the  original  beam. 

When  emission  from  the  rear  edge  disappears,  the  trajectories  and 
cathode  current  densities  are  affected  throughout  the  beam.  This,  of 
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FIG.  4.12  EI£CTR0N  TRAJECTORIES  UHBf  THE  FROIfT  EDGE  OF  THE  CATHODE  IS  NOT 
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coiirse,  results  from  the  fact  that  those  electrons  from  the  rear  of  the 
original  cathode  passed  over  the  entire  emitting  surface.  Consequently 
their  absence  causes  the  trajectories  to  be  somewhat  higher  and  more 
closely  spaced  and  forces  to  assume  a  maximum  value  on  the  left  and 
decrease  to  a  minimum  on  the  right.  However^  in  both  Fig.  4.12  and 
4.13  the  beam  configurations  sure  nearly  the  same  as  the  Pig.  4.10 
case  thus  indicating  that  the  beam  optics  is  not  appreciably  affected 
when  certain  portions  of  the  cathode  become  inactive. 

4.4  Potential  Mlnlsnnn  Investigations 

The  preceding  electron  beam  ccmfigurations  generally  have  been 
obtained  bsised  on  space-chsurge-llmited  conditions  at  the  cathode.  For 
this  situation  the  electrons  are  assumed  to  be  emitted  normal  to  the 
surface  with  zero  initial  velocity.  A  more  accurate  representation  of 
the  true  physical  picture  requires  the  consideration  of  a  potential 
■i-tniiMi  region  adjacent  to  the  cathode.  This  is  a  much  more  difficult 
problem  to  bsuidle  and  involves  the  emission  of  electrons  with  finite 
initial  velocities.  In  general,  the  thermionic  emission  of  electrons 
from  a  heated  cathode  is  described  in  terms  of  a  Maxwellian  distribution 
function  for  the  initial  velocities. 

A  digital  computer  analysis  of  the  above  problem  involves  a 
two-step  procedure.  First,  the  motion  of  the  various  initial  velocity 
e\ectrons  in  the  potential  minimum  region  mxist  be  evaluated.  The 
velocity  components  and  relative  z-dlsplacements  of  the  electrons  at  a 
given  plane  beyond  the  potential  minimum  are  then  \ised  as  the  initial 
conditions  for  the  cooqputer  program  which  determines  the  electron  motion 
in  the  remainder  of  the  gun  region. 
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The  potential  minimum  region  Is  simulated  by  assuming  a  voltage 
distribution  given  by 

^  ^  |y,-  (“-s) 

o  * 

where  9^  =  voltage  at  the  potential  minimum  =  -0.05  volt, 

y  =  distance  from  cathode  to  minimum  *  1.71  x  10“®  meter,  and 

n 

=  cathode  current  density  =  0.887  amp/cm^. 

The  gun  configuration  of  Fig.  4.10  was  selected  as  the  model  for  investi¬ 
gation  with  a  magnetic  field  of  3OO  gauss. 

The  cathode  temperature  was  assumed  to  be  llOO^C  which  resulted 
in  an  equivalent  voltage  of  0.12  volt.  The  existence  of  a  Maxwellian 
velocity  distribution  for  the  electrons  leaving  the  cathode  requires 
the  emalysis  of  various  classes  of  initial  energy  electrons.  The  object 
of  such  am  investigation  is  to  evaluate  the  effect  of  initial  velocity 
on  the  subsequent  electron  trajectory. 

Consider  now  the  evaluation  of  electron  motion  corresponding  to 
emission  from  the  cathode  in  a  normal  direction  but  with  different 
initial  velocities.  Figure  U.l4a  illustrates  the  trajectories  in  the 
potential  minimum  region  for  those  electrons  with  initial  energies  of 
0.08,  0.10,  0-12,  0.l4,  0.16,  0.18  and  0.20  electron  volts.  The  velocity 
components  at  a  fixed  pleme  (not  shown)  beyond  the  minimum  are  used  as 
the  initial  conditions  for  determining  the  trajectories  in  the  gun  region 
which  are  shown  in  Fig.  4.l4b.  Obviously  the  electrons  follow  essentially 
the  same  trajectory  and  hence  have  approximately  the  same  kinetic  energy 
at  a  given  z-plane.  The  only  major  difference  in  the  trajectories  is 
the  time  required  for  the  electrons  to  travel  a  given  distance  as  indi¬ 
cated  in  Fig.  4.l4b.  The  designated  points  etc.)  indicate  the 
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FIG.  k.lkm.  TRAJECTGRIES  Dl  THE  POTENTIAL  MDIDIUM  REGION  FOR  EI£CTRONS 
EMITTED  NORMAL  TO  THE  CATHODE  WITH  INITIAL  ENERGY  AS 
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locatlon  of  different  initial  velocity  electrons  at  specified  times 
after  emlsslCMi  from  the  cathode.  Neither  the  potential  minimum  by 
itself  nor  the  existence  of  different  normal  initial  velocities  is 
capable  of  producing  any  significant  changes  in  the  electron  tra¬ 
jectories,  at  least  not  for  initial  velocities  vnich  are  within  a 
factor  of  approximately  ten  times  the  thermal  velocity. 

The  electrons  emitted  with  the  thermal  energy  of  0.12  electron 

volts  but  in  different  directions  (-90®,  -75*  >  -60®,  -45®  ^  -50®,  -15*  > 

0,  +15*1  +50*  +45®,  +60®,  +75*)  follow  the  potential  minimum  region 

trajectories  indicated  in  Fig.  4.15.  Seven  of  the  electrons  are 

capable  of  traversing  the  potential  minimum  region.  In  fact  it  is 

demonstrated  in  Appendix  0  that  those  electrons  which  are  emitted  in 

the  range  -56®  <  0  <  46®  are  all  able  to  proceed  beyond  y  .  With 

m 

the  data  obtained  from  the  above  potential  minimum  analysis  as  initial 
conditions  (these  conditions  are  evaluated  at  y  =  2.11  x  10"*  meter 
which  corresponds  to  the  first  matrix  row  of  the  regular  gun  program) 
the  trajectories  illustrated  in  Pig.  4.l6  are  obtained  in  the  gun 
region.  It  is  appeirent  that  the  presence  of  initial  tangential  velocity 
conqponents  is  sufficient  to  force  the  electrons  to  travel  along  different 
trajectories.  In  particular,  ccmiArison  of  the  electrons  emitted  in  the 
-45*  and  +45*  directions  results  in  a  difference  of  kinetic  energy  at 
plane  B-B  of  approximately  140  volts.  This  is  rather  surprising  in 
view  of  the  fact  that  the  electrons  were  emitted  from  the  same  cathode 
point  and  with  the  same  value  of  initial  kinetic  energy.  However,  it 
should  be  em^diasized  that  the  difference  in  kinetic  energy  is  due  to 
the  different  location  of  the  electrons  and  is  not  indicative  of  any 
energy  exchange  by  the  electrons. 
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The  existence  of  initial  tangential  velocity  components  is  also 
responsible  for  the  generation  of  a  wider  beam.  Ccxnpcurison  of  the 
indicated  beam  width  at  plane  B-B  with  that  which  would  exist  if 
only  normal  velocity  components  were  present  indicate  that  the  width 
has  been  increased  by  nearly  35  percent. 

Figures  U.lTa  and  4.17b  illustrate  the  trajectories  for  electrons 
with  initial  energy  of  =  0.23  volts.  The  increased  energy  has 
resulted  in  a  greater  number  of  electrons  passing  through  the  potential 
minimum  region.  Consequently,  the  electrons  follow  even  more  diverse 
paths  than  in  the  preceding  case.  Calculat lexis  at  plane  B-B  indicate 
that  the  -60®  and  +45*  electrons  now  have  a  difference  in  kinetic 
energy  of  approximately  250  volts.  The  beam  is  also  approximately  5Q 
percent  wider  than  it  is  when  only  normal  initial  velocity  electrons 
are  considered. 

Figures  4.l8a  and  4.l8b  illxistrate  the  effect  of  increasing  the 
initial  energy  to  q)^  =  O.92  volt.  Although  the  trajectories  are  immensely 
different,  it  must  be  remembered  that  only  a  fraction  of  the  electrons 
with  a  Maxwellian  velocity  distribution  have  an  initial  energy  greater 
than  0.5  volt.  Consequently,  there  are  only  a  relatively  few  electrons 
capable  of  following  such  trajectories. 

In  general,  as  the  initial  energy  of  the  electrons  increases,  the 
A9  interval  for  which  electrons  can  reach  the  potential  mnimum  plane 
is  increased.  As  the  initial  energy  is  reduced,  ^  decreases  until  only 
those  electrons  emitted  in  an  optimum  direction  9^^  are  capable  of 
reaching  y^  when  9^  =  For  the  conditions  being  considered  here, 

it  is  shown  in  Appendix  D  that  9^^  =  -0.5®. 

The  above  results  vividly  demonstrate  the  tremendous  influence 
of  tangential  emission  velocity  components  on  the  electron  trajectories. 
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Whereas  electrons  emitted  normal  to  the  cathode  all  follow  essentially 
ttie  same  trajectory  (differing  <Mily  In  the  time  required  to  travel  a 
given  distance),  those  electrons  with  Initial  tangential  components 
are  capable  of  proceeding  along  completely  different  paths.  And  yet 
In  each  case,  the  total  energy  of  the  electron  (potential  energy  minus 
kinetic  energy)  remains  fixed  at  Its  Initial  value  of  (  |q|q>^).  Thus, 
the  difference  In  trajectories  Is  not  caused  by  an  energy  exchange 
mechanism,  but  rather  comes  about  because  of  the  difference  In  location 
and  direction  of  motion  of  the  different  B  electrons  when  they  reach 
the  potential  minimum  plane.  Of  course,  the  spreading  effect  of  the 
electron  trajectories  Is  also  Influenced  by  the  depth  of  the  potential 
minimum  region. 

A  more  quantitative  description  can  be  obtained  If  the  potential 
In  the  beam  is  ccxisldered  to  be  a  fxmctlon  of  the  y-coordlnate  only 
(as  in  the  Kino  theory).  Thuus,  It  Is  possible  to  write 


i-y- 


iHiyv 


where  p  and  p  are  the  Initial  values  of  the  linear  momentum  com- 
*^y  z 

’'o  o 

ponents  at  the  cathode  given  by 


and 

p  «  m  z  .  (^.^) 

z  o 

o 

Eqixatlon  4. 3  Is  simply  the  energy  equation  which  can  be  derived  from 
the  Hamiltonian  formulation  juresented  In  Chapter  V.  The  difference 
in  the  y-cosqponent  of  kinetic  energy  caused  by  initial  tangential 


-125- 


velocities  appears  in  the  last  tenn,  o)  y  p  .  Thus,  at  a  fixed  y-plane, 

C  Zi 

o 

electrons  will  have  different  y  depending  on  the  magnitude  and  sign  of 

p  .  However,  if  one  assigns  typical  values  to  y  and  p  the  results 
z  z 

o  o 

indicate  very  little  difference  in  the  corresponding  y  values.  In  fact, 
as  mentioned  above,  the  difference  at  any  point  will  only  be  given  by 
the  difference  in  the  cp  of  the  electrons  at  the  cathode.  This  is 
simply  another  statement  of  the  fact  that  ti.e  initial  thermal  energy 
is  inconsequential  when  compared  with  the  total  ener^  of  an  electron 
at  a  given  point  remote  from  the  cathode.  Jhe  true  importance  of  the 
initial  tangential  velocity  is  the  appreciable  change  which  it  imposes 
on  the  electron  trajectory. 

The  significance  of  tangential  emission  velocity  components  has 
been  pointed  out  by  Twiss^  and  Lindsay^^  in  earlier  investigations. 

Twiss  analyzed  the  linear  magnetron  and  showed  that  the  tamgential 
velocities  exerted  a  much  greater  influence  on  the  electrons  than  did 
the  normal  velocity  components.  Ldndsay  has  suggested  that  the  excess 
anode  current  obseirved  in  a  magnetron  operating  beyond  cut-off  can  be 
at  least  partially  explained  in  terms  of  the  initial  tangential  velocity 
effects.  In  other  words,  he  contends ,  that  it  is  not  necessary  for  em 
electron  to  gain  energy  in  order  to  reach  the  anode  of  a  cut-off  mag¬ 
netron.  This  conclusion  is  supported  by  the  above  computer  studies 
which  show  that  electrons  emitted  in  different  directions  are  capable  of 
reaching  greater  distances  from  the  cathode.  Thus,  for  the  sitxiation  in 
Fig.  U.17,  the  electrons  emitted  in  the  -60®  direction  would  be  capable 
of  reaching  the  anode  of  a  magnetron  which  is  appreciably  beyond  cut¬ 
off  even  though  they  would  not  have  gained  any  energy  beyond  that  which 
they  had  upon  emission  from  the  cathode.  Consequently,  as  Lindsay 
suggests,  it  is  indeed  possible  for  a  cut-off  magnetron  to  theoretically 
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receive  curr«it  even  thou^  energy  Is  conserved.  The  mechanism  which 
allows  this  Is  the  sorting  of  electrons  by  the  potential  ■initim  region 
so  that  electrons  are  able  to  follow  ccstpletely  different  trajectories. 
However,  the  magnitude  of  excess  current  which  can  be  explained  by  this 
mechanism  Is  difficult  to  predict. 

The  Initial  velocity  effects  also  Indicate  why  It  Is  theoretically 
liq>oeslble  to  achieve  a  BrlUouln  beam  from  a  thermionic  cathode.  In 
other  words,  electrons  passing  through  a  common  i>olnt  In  the  Interaction 
region  nay  have  velocities  which  differ  according  to  their  thermionic 
emission  energies.  For  emission  normal  to  the  cathode,  however,  the 
beam  would  still  be  very  close  to  the  theoretical  BrlUouln  flow  since 
the  emission  energies  are  small  compared  to  the  velocities  In  the  beam. 
For  this  case,  the  electron  trajectories  sure  essentially  the  same.  How¬ 
ever,  the  presence  of  tangential  components  of  Initial  velocity  result 
In  much  wider  beams  because  of  the  appreciable  difference  In  electron 
trajectories.  The  space-charge  density  probably  tapers  off  gradually 
from  the  value  In  the  main  body  of  the  electron  stream,  thus  resxiltlng 
In  poorly  defined  beam  boundaries  In  the  Interaction  region. 


CHAPTER  V.  EI£CTRON  BEAM  CHARACTERISTICS  IN 


THE  ANODE-SOIE  REGION 


^.1  Introduction 

The  d-c  characteristics  of  an  electron  beam  moving  through  the 
anode-sole  region  of  a  crossed-field  device  are  dependent  on  the  manner 
in  which  the  electrons  enter  the  region.  For  example ,  the  achievement 
of  rectilinear  flow  requires  that  the  electrons  enter  moving  parallel  to 
the  electrodes,  and  that  there  is  a  constant  space-charge  density  in  the 
beam  as  well  as  a  linear  velocity  variation  across  the  beam.  It  is  also 
necessary  that  the  beam  be  properly  located  with  respect  to  the  anode 
and  sole  electrodes. 

When  the  ideal  entrance  conditions  are  not  satisfied,  the  electrons 
deviate  from  linear  trajectories.  The  more  complicated  motion  is  usually 
of  an  undulatory  nature  with  varia:^ions  occurring  at  approximately  the 
cyclotron  frequency.  When  space-charge  effects  are  negligible,  the 
motion  of  the  electrons  through  the  interaction  region  can  be  described 
analytically  once  the  entrance  conditicxis  are  specified.  However,  when 
space -charge  effects  are  appreciable  it  is  no  longer  possible,  in  generel, 
to  describe  the  motion  of  the  individual  particles.  In  many  cases,  how¬ 
ever,  it  is  possible  to  obtain  a  qxialitative  description  of  the  beam  in 
this  region. 

The  purpose  of  this  chapter  is  to  present  the  basic  equations 

which  describe  the  behavior  of  charged  particles  in  crossed  electric  and 

magnetic  fields.  These  results  are  then  applied  to  the  investigation 

of  theoretical  electron  beam  configurations  which  can  exist  in  the  anode- 

sole  region  of  a  planar  M-type  device. 
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$.2  Electron  MotlCTi  In  the  Anode-Sole  Region 

The  motion  of  electrons  can  be  conveniently  expressed  In  terns  of 
the  Imgranglan  for  a  charged  particle  In  an  electromagnetic  field, 

L  =  |mv-v-q(p+qA*v  ,  (5.I) 

vhez^  V  «  electron  velocity, 

cp  >  electric  scalar  potential,  and 
A  B  magnetic  vector  potential  defined  by  V  x  A  =  B. 

In  the  derivation  of  this  expression  It  Is  assumed  that  the  force  field 
acting  on  the  electrcms  Is  conservative. 

The  component  equations  of  motion  aire  derived  from  the  Imgrange 
equations 


Vhere  q^^  represents  any  one  of  the  generalized  coordinates.  The 
present  investigation  Is  concerned  vlth  the  behavior  of  electrons  in 
the  crossed- field  device  Illustrated  In  Fig.  ^.1.  The  analysis  will  be 
restricted  to  tvo  dimensions  so  that  the  variation  of  quantities  In  the 
x-dlrectlon  will  be  Ignored.  The  magnetic  field  Is  uniform  In  the 

^  A 

x-dlrectlon,  B  ■  x  B,  euid  thus 

A  -  z  B  y  ,  (5.5) 

i^iere  A  has  been  eurbltrarlly  selected  as  zero  at  the  cathode,  y  *  0. 

The  expression  for  the  electric  potential  (q>)  depends  on  the  space-charge 
density  and  generally  Is  a  function  of  both  y  and  z.  Therefore  the 
Lagranglan  Is  given  by 

L  «  ^  m  (y^  +  £2)  -  q  <p(y,z)  +  q  B  y  £ 


(5.4) 
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8uid  Eq.  ^.2  becomes 


my  «  -q^+qBz 

oy 

and 

mz  ■  -  q^-qBy 

dz 


(5.5) 


(5.6) 


These  are  simply  the  components  of  the  Lorentz  force  equation  for  an 
electron  moving  through  a  crossed  electric  and  magnetic  field  region. 

The  difficulty  In  obtaining  analytic  solutions  arises  because  dcp/dy  and 
dcp/dz  cannot  be  evaluated  until  the  problem  is  solved;  l.e.,  cp  depends 
on  the  space-charge  density  which  in  turn  depends  on  the  trajectories 
of  the  electrons  comprising  the  flow.  Consequently  the  solution  to  Eqs. 

and  ^.6  must  be  consistent  with  the  potential  distribution.  In 
general  this  requires  the  use  of  a  system  similar  to  the  PoIsbi'h  cell 
described  In  Chapter  III. 

Although  an  analytic  expression  for  the  electron  motion  is  not 
possible  in  most  cases.  It  is  possible  to  obtain  a  qualitative  descrip¬ 
tion  of  the  beam  by  expressing  the  problem  In  the  Hamiltonian  formulation. 
The  Hamiltonian  Is  defined  as 


H  (p^,  t) 


X  ^i  Pi  ■  ^  (tli^ 
1 


(5.7) 


where  p^  is  the  generalized  momentum  of  the  particle  in  the  q^  direction 
and  defined  as 


4 

^4. 


Although  the  value  of  H  is  invar iemt,  the  proper  formulation  of  the 
Hamiltonian  requires  that  the  q^  not  appear  explicitly  but  that  they  be 
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expressed  in  terms  of  and  A  description  of  the  electron  motion 


is  provided  by  the  ceinonical  equations  of  Hamilton 


(5.8) 


(5.9) 


Whereas  the  Lagrangian  method  gives  n  differential  equations  of  the 
second  order,  the  Hamiltonian  formulation  yields  2n  equations  of  the 
first  order.  (For  the  two-dimensional  case  being  considered  here. 


n  =  2. ) 


For  the  configuration  of  Fig.  5*1  the  Hamiltonian  can  be  written 


«  -  s  *  p®)  -  m  B  y  Pj  +  a  (1 B  y)®  + 1  ^(y.z) 


(5.10) 


Differentiating  according  to  Eqs.  5*8  and  5.9  gives 


-  q  +  q  B  z  , 
dy 


(5.11) 


dcp 


(5.12) 


V  =. 


(5.15) 


-  iBy 
m  m 


(5.14) 


Forming  the  square  of  Eqs.  5.15  5.14  and  differentiating  with  respect 

to  time  gives 


It  ((Py)®  +  (p^  -  q  B  y)2]  +  It  (sq  >■  qO 


(5-15) 
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which  implies 

^  [Py  +  (p^  -  ^  B  +  <1  9(y^z)  =  ,  (p.lb) 

where  C  =  constant. 

1 

The  left-hand  side  of  this  last  equation  is  simply  H  as  given 
by  Eq.  5 •10*  Thus  for  a  conservative  system 

H  (y,  2,  Py,  t)  =  constant  (5*17) 

along  any  given  trajectory.  In  this  case  it  is  also  true  that  H  is 
equal  to  the  total  energy  of  the  electron  at  any  point.  (The  equiva¬ 
lence  of  the  Hamiltonian  and  total  energy  is  valid  in  any  case  where 
the  potential  energy  of  the  particle  is  indei)endent  of  the  velocity.) 

If  an  electron  enters  the  anode-sole  region  at  y^  with  p  /  0 

^o 

and  p  0,  then 

Zi 

o 

t  [Py  +  (p_  -  q  B  y)^J  +  q  cp  =  C  (5.18) 

eHH  y  Z  1 

throughout  this  region.  If  the  beam  enters  with  exactly  the  Brillouin 

conditions,  then  p  =0  and  the  electron  will  move  along  the  y  =  y 

^o  ° 

plane  where  the  potential  is  (p^.  Thvis  the  velocity  becomes 

z  =  aJ^y^  +  constant  ,  (5.19) 

which  is  the  familiar  linear  velocity  variation  across  a  rectilinear 
Brillouin  beam. 

If  the  beam  dc  ■.  not  enter  with  the  proper  conditions  then  the 
only  statement  which  .-an  be  made  is  that  the  total  energy  (H)  remains 
invariant  along  an  electron  trajectory.  This  implies  that  the  beam 
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undergoes  undulatory  motion  so  that  for  each  electron  y,  p  ,  p_>  auad  q) 

y  z 

vary  along  the  trajectory. 

Investigation  of  regular  electron  beams  (i.e.,  those  in  which  am 
electron  at  a  given  point  can  have  only  one  velocity)  leads  to  the 
Lagrange  invariant 


constant 


(5.20) 


This  states  that  the  circulation  of  the  total  momentum  around  a  closed 
path  encircling  the  beaim  remains  Invarieuit  along  the  beam.  The  most 
interesting  consequence  of  this  theorem  is  that  of  an  irrotati<»al 
electron  beam  in  which 


Vxp  .  0  .  (5.21) 

Gabor^®  has  shown  that  the  only  requirement  for  irrotationallty  is  that 
there  be  no  magnetic  field  normal  to  the  cathode.  If  this  condition  Is 
fulfilled,  as  it  is  in  crossed-field  devices,  then  at  any  point  in  the 
beam  Eq.  5*21  will  be  valid. 

For  the  injected-beam  device  this  leads  to  the  expression 


or 


dp 

.  Jl 

dz 


0  , 


dy 


(5.22) 


(5.23) 


Once  again  the  Brillouin  condition  of  y  =  0  gives  a  z-velocity  venrlation 
of  a>  across  the  beam.  However,  when  the  beeun  is  not  rectilineen: 

(y  ^  O)  it  is  the  difference  in  the  y-amd  z-velocity  variations 
which  equals  a>^.  Thus  the  z-variatlon  across  the  beam  will  be  either 
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greater  or  less  than  a>^  depending  on  whether  the  beam  Is  decelerating 
or  accelerating  In  the  y-dlrectlon. 

If  Eq.  5*25  Is  written  In  vector  notation  It  becomes 

V  X  V  -  X  o)^  .  (5-24) 

If  y  >0,  the  situation  Is  as  shown  In  Pig.  5 •2a  where 

7x  V  .  Vx  (5  i)  .  S|i  (5.25) 

SO  that  dz/dy  »  (d^  as  before.  However,  If  y  /  0,  then  the  situation 
Is  Illustrated  by  Pig.  5  •2b  whereby 

yxv  -  (5-26) 

on 

and  n  Is  the  \inlt  vector  nonnal  to  the  velocity  vector  of  the  electron. 

Therefore  dv/dn  >  o)  and  the  condition  of  Irrotatlonal  flow  requires 

c 

that  the  relative  slip  or  velocity  variation  across  the  beam  must  be 
(D^.  This  relationship  has  also  been  Iz^lcated  by  Buneman^  In  his 
work  on  crossed- field  space-charge  flows. 

The  force  Eqs.  5^^  and  5*6  can  be  written  as 

Tj  ^  -  ij  B  z  (5-27) 

dy 

n  ^  +  n  B  t  •  (5-28) 

Differentiation  of  Eqs.  5^27  and  5 •26  with  respect  to  y  and  z  respec¬ 
tively,  results  In 

V-g  -  •  (5.29) 


and 


dz 

3t 
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fig.  5.2  ILLUSTRATIONS  OF  VEIOCITY  VARIATION  ACROSS  IRROTATIONAL 
ELECTRON  STREAMS. 

(a)  RECTILINEAR  FLOW. 

(b)  UNDULATING  BEAM. 
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Eq\iati(xi  ^.23  and  Poisson's  equation  are  then  used  to  give 

^o***  c  „  dv 

p  .  -  _  -  V .  5^  . 


(5.30) 


This  Is  the  space-charge  density  which  an  observer  moving  with  the 
electron  sees  at  each  point  along  the  trajectory. 

The  current  density  Is 

J  -  P  V  (5.51) 

while  the  continuity  equation  requires 


y  *  J 


p  y  •  V  -f  V  •  y  p 


(5.32) 


Therefore 


^  V  •  y  p 
y  .  V  «  -  -  ' 

P 


(5.33) 


so  that  Eq.  ^.30  becomes 


^  d  »  Vp  \ 
n  dt  V  P  / 


(5-3^) 


If  the  space-charge  density  observed  during  the  electron  motion  Is 
constant,  then  the  last  term  becomes  zero  and 


€ 

o  c 


(5.35) 


Consequently,  If  the  beeun  Is  to  have  a  constant  space-charge  density 
throughout  the  Interaction  region  (regardless  of  whether  the  beam 
moves  linearly  or  undulates)  Its  value  must  be  precisely  the  Brlllouln 
value  as  given  by  Eq.  5«35- 

It  should  be  emphasized  that  the  preceding  analysis  has  been 
concerned  only  with  regular  electron  beams  In  idiich  there  Is  a  unique 
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velocity  associated  with  each  point  in  the  beam.  Furthermore,  the  fields 
have  been  assumed  to  be  conservative  so  that  there  is  no  energy  gained 
or  lost  by  individual  electrons  during  their  motion. 

The  analysis  of  mvilti -velocity  electron  streams  (i.e.,  more  than 
one  velocity  possible  at  a  given  point)  requires  the  appllcaticxi  of  a 
method  similar  to  the  one  utilized  by  Hok^.  In  his  analysis  the 
current  density  component  in  a  given  direction  is  given  by 


J 

z 


du 


=  -  q  p. 


(5.36) 


where 


A 


du  s  du  du 
y  z 

u 


Pj,(y7z^^)  =  yp'iu  = 


electron  density  in  4  dimensional  ^-space, 

( the  variation  in  the  x-direction  has  been 
assumed  to  be  negligible  and  u^  has  been  chosen 
as  zero) , 

velocity  volume  element, 

expected  value  of  electron  velocity  at 

(y>z>t),  and 

space-charge  density  at  (y,z,t). 


u 

This  problem,  of  coxirse,  is  much  more  difficult  handle.  For  example, 
the  continuity  equation  of  the  single -velocity  theory  is  replaced  by  the 
Boltzmann  transport  equation.  It  is  not  the  Intention  to  carry  out  the 
analysis,  but  only  to  indicate  the  procedure  for  such  an  investigation. 


^.3  Electron  Beam  Configurations  in  the  Anode- Sole  Region 

One  of  the  problems  of  crossed- field  devices  is  the  determination 
of  the  various  beam  configurations  which  can  exist  in  the  anode-sole 
region.  The  following  investigation  qualitatively  considers  the  possi¬ 
bility  of  achieving  certain  beam  configurations. 
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Flgxure  Illustrates  two  examples  of  scalloped  beams  moving 

through  the  interaction  region.  These  beams  have  been  einalyzed  by 

Waters^^  ^o  applied  a  paraxial  analysis  based  on  small  amplitude 

departures  from  the  Brillouin  flow  conditions.  In  Fig.  3* 3a  the 

electrons  all  enter  the  region  parallel  to  the  anode  and  sole  electrodes 

but  with  a  space-charge  density  less  than  the  Brillouin  value.  The 

paraxial  method  indicates  that  the  beam  boundary  is  scalloped  such 

that  the  average  space-charge  density  is  equal  to  the  Brillouin  value, 

OD  ■  (D  .  Figure  lllxistrates  the  potential  variation  across  the 
P  ® 

beam  at  the  plsmes  of  msoclmum  and  minimum  thickness  as  veil  as  the 
Brillouin  potential  distribution.  The  Brillouin  beam  would  be  located 
between  planes  y  and  y  whereas  the  entering  beam  is  located  between 

2  S 

y  and  y  and  the  minimum  thickness  beam  between  y  and  y  .  The 
1  e  3  4 

electrons  on  the  upper  boundary  of  the  entering  beam  have  a  velocity 

i  ■  (2Tfl>  which  is  greater  than  the  velocity  of  the  corresponding 

s 

electrons  in  the  Brillouin  beam  z  *  (2T|cp  Since  the  electric 

field  at  the  upper  edge  of  the  entering  beam  is  less  than  at  the 
corresponding  Brillouin  beam  boundary,  these  electrons  must  curve 
downward  due  to  the  greater  magnetic  force,  (q  B  z).  The  opposite 
conditions  exist  at  the  lower  edge  of  the  beam  so  that  these  electrons 
must  move  upward.  Thus  the  beam  is  compressed  until  the  space-charge 
density  becooies  great  enough  to  spread  the  beam  apart.  This  occurs 
at  the  minimum  thickness  where  the  potential  distribution  is  such  that 
the  top  electrons  are  forced  up  ^ile  the  lover  electrons  move  down¬ 
ward.  The  net  result  is  the  scalloped  pattern  described  above. 

The  beam  in  Fig.  enters  with  an  excess  space-charge  density 

and  thus  is  forced  to  spread  apart  until  reaching  a  maximum  thickness. 
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FIG.  5.5  SCALLOPED  ELECTRON  BEAM  CONFIGURATIONS. 

(a)  CURRENT  DENSITY  AT  INJECTION  PLANE  IS  TOO  SMALL 

(b)  CURRENT  DENSITY  AT  INJECTION  PLANE  IS  TOO  LARGE 
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no.  ^.4  PCpnriAL  VARIATIGNS  for  various  beam  COmOURATIONS. 
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CcMisequently  the  beam  thickness  varies  in  the  same  manner  as  in  the 
above  case. 

In  the  preceding  section  it  was  demonstrated  tiiat  for  irrotational 


beams. 


dv 

dn 


=  a> 

c 


(5.57) 


Thus  for  cases  (a)  and  (b)  where  the  electrons  enter  with  v  =  z  v^, 
it  is  necessary  that 


(5.58) 


which  leads  to  a  voltage  variation  across  the  beam  at  the  input  plane 
of 

0)® 

q>  ■  2q  •  (5.59) 


This  requires  a  space-charge  density  equal  to  the  Brlllouin  value, 


-€  O)^ 
o  c 


(5.1^) 


Consequently  the  scalloped  beam  patterns  of  Figs.  5*5®  are 

theoretically  impossible  to  achieve  if  the  space-charge  flow  is  irrota¬ 
tional.  However,  if  the  specified  entrance  conditions  could  be  achieved 
in  some  manner,  then  one  would  expect  to  encounter  the  indicated  type 
of  behavior. 

It  should  also  be  mentioned  that  the  possibility  of  experimentally 
observing  the  situations  described  by  Figs.  5*5®  and  5*5^  is  extremely 
remote.  Such  configurations  require  that  the  electrons  enter  the  euiode- 
sole  region  parallel  to  one  another  which  is  the  seime  requirement  as 
for  Brillouin  flow.  The  only  difference  between  the  entering  beams  is 
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the  space-charge  density  variation  auid  hence  the  velocity  slip  across 
the  beam.  Consequently  the  establishment  of  the  entrance  conditions 
for  the  scalloped  beams  is  Just  as  difficult  as  the  achievement  of 
Brlllouln  flow  Itself.  However,  If  a  Brillculn  beeun  could  be  achieved 
In  practice,  then  the  application  of  a  perturbation  might  result  In 
a  scalloped  tyx)e  of  beam. 

The  present  Investigation  has  been  restricted  to  configurations 
In  \dilch  the  team  eixls  remains  at  a  fixed  plane  while  the  thickness 
varies  periodically  between  the  maximum  and  minimum  limits  described 
above.  If  the  Investigations  are  restricted  to  laminar  flow  (l.e., 
nonintersecting  trajectories)  then  there  are  additional  beam  configur¬ 
ations  which  are  of  Interest: 

1.  ^he  entire  beam  undulates  through  the  interaction  region  and 
Its  motion  Is  accompemled  by  a  periodic  variation  of  the  beam  thickness 
(Fig.  5.5). 

2.  The  beam  xindulates  but  the  thickness  remains  unchanged  (Fig. 
^.6).  These  configurations  will  be  compared  with  the  scalloped  beeuns 
of  Fig.  5- 5* 

Case  1:  Beam  location  and  thickness  undergo  periodic  variations.  The 
total  current  in  the  z-directlon  is  given  by 


y»/ 

1  =  h  J pCy,z)  Hy,^)  dy 


(5.41) 


y=o 


Consider  Fig.  5*5  and  assume  that  the  electrons  at  planes  A-A  and  B-B 
have  only  z-directed  motion.  Furthermore,  assume  that  the  space-charge 
density  Is  uniform  across  these  pleuies  so  that 

'a 


/*A  *  Ob  /  *B 


(5.42) 
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VARIATIONS  IN  THICKNESS 
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For  Brillouin  flow  the  velocity  is  given  by 

z  =  o)^  (y  +  2a)  ,  (5*43) 

where  a  is  the  distance  between  the  lower  beam  boundary  and  the  sole. 

Now  assume  that  the  electrons  at  A-A  and  B-B  also  have  a  linear  velocity 
variation  so  that 


*A  ■  “c  (y  +  2y^) 


and 


Zg  =  <0^  (y  +  Sy^)  • 

Substituting  these  expressions  Into  Eq.  5*42  yields 


(5.44) 


(5.45) 


^B  ^^B 


+  4y  ) 

+  4y^/ 


(5.46) 


If  p,  =  then  f_  <  /  which  implies  that  the  configuration  is 
A  B  BA 

similar  to  that  displayed  in  Fig.  5.5*  i>e.y  the  beam  has  a  minimum 
thickness  at  B-B  and  a  maximum  at  A-A.  If  then  >  p^. 

Case  2:  Constant  thickness  undulating  beam.  This  situation  is  illus¬ 
trated  in  Fig.  5.6  and  the  result  is 


'B 


i  +  4y^ 
i  +  4y' 


(5.47) 


The"  above  indicates  that  p.  >  p_  since  y  >  y  .  Notice  that  it  is  not 

A  B  3  1 

possible  for  an  undulating  beam  to  have  both  constant  thickness  and 
constant  space-charge  density.  Consequently  it  is  not  possible  for 
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an  undulating  constant  thickness  beam  to  satisfy  the  requirements  of 
Irrotatlonal  flow. 

Case  Scalloped  beeun  at  a  fixed  location.  This  case,  described 
earlier  In  Fig.  bas  precisely  the  same  equation  as  Case  1, 


'B 


(5.48) 


It  Is  obvious  that  the  space-charge  density  at  the  narrow  i>art  of  the 
beam  mxist  be  greater  thsm  at  the  wide  part.  Thus  a  scalloped  conflgur- 
atlcm  would  al%mys  Involve  a  varying  space-charge  density  along  the  beam. 
As  pointed  out  earlier,  such  a  beam  Is  not  compatible  with  the  require¬ 
ments  of  Irrotatlonal  flow. 


^.4  Digital  Computer  Investlgatlcxi  of  Injected  Beams 

The  preceding  section  Illustrates  qualitatively  the  type  of  beam 
configurations  which  might  be  established  under  various  operating  condi¬ 
tions.  To  Investigate  this  problem  In  more  detail,  a  digital  computer 
program  was  developed  to  analyze  the  situation  wherein  the  beam  conditions 
were  prescribed  at  the  cuiode-sole  Input  plame.  The  computer  solution 
provided  a  description  of  the  beam  during  Its  anode-sole  region  motion. 

The  Initial  condltlcxis  were  selected  such  that  the  beam  location, 
thickness  eund  current  corresponded  to  the  laminar  flow  conditions  described 
In  Chapter  II  except  that  It  was  assumed  that  tho  beam  was  Injected 
Into  the  anode-sole  region  at  a  slight  angle.  The  operating  paz*ameters 
were  selected  as  q>  ■  1500  volts,  d  ■  5.25  x  10“®  m  auad  B  ■  350  gauss. 
Figure  5*7  Illustrates  the  case  where  the  beam  enters  at  5°  with  resj^ct 
to  the  z-axls  (the  y  scale  has  been  expended  to  provide  a  clearer  picture 
of  the  beam  motion) .  It  Is  apparent  from  the  figure  that  the  beeun 
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ui^ulat^s  at  foae  frequency  and  Ita  thlckneaa  varlea  with  distance.  The 
theoretical*  variation  of  an  electron  trajectory  in  a  space-charge-free 
field  has  a  period 

2ibp 

Hh  ■  5iap  ^5.1*9) 

which  for  the  above  values  gives  ■  1.3^  x  10*^  m.  The  variations 
■easured  along  the  upper  and  lover  beam  boundaries  respectively  give 


and 


L  -  1.U9  X  10*®  m 
o 

L‘  -  1.25  X  10"2  m  . 
o 


Thus  the  upper  boundary  undergoes  a  slower  spatial  variation  than  the 
space-charge-free  value  while  the  lower  boundary  has  a  more  rapid  varia¬ 
tion.  The  reason,  of  course,  is  the  fact  that  the  space  charge  causes 
the  field  on  the  upper  boundary  to  be  greater  than  the  space-charge- 
free  value  (9./d)  ^le  that  along  the  lower  boundary  is  less.  This 
uneqxial  variation  of  the  boundaries  causes  the  lover  surface  to  move  up 
after  its  minimum  before  the  upper  boundary  does.  Consequently  there 
is  a  shearing  action  which  occurs  around  plane  C-C  i^ere  the  thickness 
is  significcmtly  reduced.  Thus  the  variatlcm  in  thickness  is  a  direct 
consequence  of  the  different  periods  associated  with  the  upper  and  lower 
beam  boundaries .  ^ 

It  is  possible  to  obtain  a  fairly  good  estimate  of  the  period  for 
the  beam  boundaries  by  using  Eq.  2.2  for  the  electric  field  in  a  Brlllouln 
beam  which  is  given  by 

CD® 

E  .  -  -p  (y  +  2.)  ,  (5.50) 

2  M 


I 
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vhere  a  Is  the  distance  from  the  sole  to  the  lover  boundary  and  y  Is 
measured  relative  to  this  surface.  If  Eq..  ^.^0  Is  assumed  to  be  a  good 
approximation  for  the  beam  of  Fig.  then  the  average  field  encountered 

along  the  upper  boundary  can  be  written  as 

_  O)^ 

E  -  -  -^  (  7  +  2tt  )  (5.51) 

and  along  the  lower  boundary  as 

(O®  _ 

E  .  -  (  2a  )  ,  (5.52) 

2-  M 

where  a  and  i  are  the  values  averaged  over  a  complete  period.  Sub¬ 
stituting  these  expressions  Into  Eq..  ^.49  gives 

.  2*  (  7  +  2a  )  (5.53) 

and 

L_  «  2it  (  2a  )  =  4xa  .  (5*54) 

From  Fig.  5*7  a  and  I  are  found  to  be  1.04  x  10"®  m  and  0.25  x  10”®  ® 

respectively  vrtilch  results  In  the  values  =  1.45  x  10"^  m  and 

L  =  1.50  X  10“^  m.  The  corresponding  values  In  Fig.  5*7  are  L  »  1.49 
-  o 

X  10”^  m  and  =  1.25  x  10"^  m  which  Indicates  that  the  above  approxi¬ 
mations  are  fairly  valid  for  predicting  the  period  of  varlatlcxi  of  the 
upper  and  lower  beam  boundaries.  Of  course  as  the  beam  becomes  more 
nonlaminar  the  approximations  become  less  acceptable. 

Figure  5»8  illustrates  the  case  where  the  electrons  enter  at  an 
angle  of  -5^.  The  shearing  action  occurs  sooner  because  the  minimum  beam 
position  is  reached  at  an  earlier  time.  However,  for  the  same  reason  the 
shearing  action  Is  not  as  severe;  l.e.,  the  upper  and  lover  boundaries 
have  not  had  time  to  slip  as  much  as  in  the  5°  case.  The  corresponding 
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boundary  periods  again  lie  above  and  below  the  theoretical  space-charge- 
free  value;  i.e.,  =  1.43  x  10"^  m  and  =  1.51  x  10“^  m.  Calculations 

based  on  Eqs.  5*55  and  5.5^  give  L_^  =  1.40  x  10“^  m  and  L  =  1.24  x  10"^  m 
which  also  are  in  fairly  good  agreement. 

Figure  5-9  illustrates  the  beeim  configuration  after  a  10°  entrance 

angle.  The  luidulation  is  much  more  pronounced  and  results  in  a  crossover 

point  for  the  trajectories  at  the  maximum  shear  plane  C-C.  At  this  noint 

the  electrons  from  the  lower  boundary  cross  through  the  beam  and  eventually 

fom  the  upper  boundary  while  the  original  upper  boxondary  electrons  proceed 

along  the  lower  boiondary.  The  boundary  periods  are  =  1.44  x  10“^  m 

and  L'  =  1.50  *  10"^  m  which  are  consistent  with  the  previous  resiilts. 
o 

The  calculated  values  are  =  1.51  x  10"^  m  and  L  =  1.35  x  10“^  which 
are  reasonably  close  to  the  measured  values  despite  the  larger  beam 
entrance  angle. 

Figure  5*10  shows  the  besun  after  injection  at  -10°.  As  explained 
before,  the  shearing  action  is  not  as  severe  because  the  electrons  reach 
the  shear  plane  sooner.  Thus  in  this  case  there  is  not  an  inversion  of 
the  beam  after  plane  C-C.  However,  if  the  analysis  were  carried  fxirther 
(i.e.,  beyond  plane  D-D)  the  beam  would  become  completely  nonlaminar  Just 
as  in  the  preceding  case. 

The  above  results  illustrate  quite  vividly  the  fact  that  the 
entrance  conditions  are  extremely  critical  in  affecting  the  leuninarity 
of  the  beam  in  the  interaction  region.  Injection  with  anything  but  the 
ideal  Brillouin  conditions  will  result  in  an  undulating  beam  which  is 
subjected  to  a  strong  shearing  force.  The  result  is  a  nonlaminar  flow 
with  the  degree  of  nonlaminar j.ty  being  determined  by  the  injected  beam's 
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devlatlon  from  the  ideal  conditions  at  the  entrance  plcme.  In  many  cases 
the  experimental  data  of  Chapter  VII  Indicate  beam  ccmflguratlons  which 
have  a  strong  resemblance  to  the  above  computer  profiles. 


CHAPTER  VI.  EXPERIMENTAL  ELECTRON  BEAM  ANALYZING  SYSTEM 

6.1  Introduction 

The  electron  beam  analyzer  was  designed  for  the  experimental 
Investigation  of  the  space -charge -flow  characteristics  In  electron 
tubes.  The  analyzer  has  been  used  to  study  the  beam  fozmlng  capabili¬ 
ties  of  electron  Injection  systems,  the  gross  characteristics  of  electron 
beams,  emd  the  detailed  properties  of  the  electron  trajectories  which 
comprise  the  flow.  The  system  has  proven  to  be  extremely  valuable  both 
In  the  design  of  electron  guns  and  In  Inprov^lng  the  understanding  of 
crossed-fleld  space-charge  flows. 

A  description  of  the  various  components  of  the  beam  analyzing 
unit  Is  presented  below.  Since  a  majority  of  the  crossed-fleld  studies 
involved  the  experimental  investigation  of  electron  beams  formed  by  the 
extended  Kino  short  gun,  a  discussion  of  Its  construction  Is  also  In¬ 
cluded. 

6.2  Crossed-Fleld  Electron  Beam  Analyzer 

Any  system  >diose  function  Is  to  Investigate  the  characteristics 
of  electron  beams  requires  four  basic  units : 

1.  A  pumping  system  capable  of  achieving  a  good  vacuum, 

2.  A  base  plate  and  bell  Jar  unit  within  which  the  experimental 
device  is  located, 

3.  A  movable  electron  beam  analyzing  unit,  and 

A  mechanical  system  for  driving  the  analyzing  unit. 

Each  of  these  units  Is  indispensable  for  the  investigation  of  space - 
charge  flows. 
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The  pumping  system  Illustrated  in  Pig.  6.1  consists  of  a  l8o 
llter/sec  ion  pump,  sorption  pump,  mechanical  fore  pump,  and  associated 
valves.  The  system  is  connected  to  a  base  plate  which  is  actually  a 
box -type  enclosure.  Valves  A  cmd  B  are  hi^  vacuum  bellows  valves  used 
to  isolate  the  ion  pump  from  the  roughing  system  while  valves  C,  D  and 
E  sure  used  to  provide  an  air  inlet  into  the  bell  Jar  and  to  bypass  the 
fore  pump  in  order  to  process  the  sorption  pump.  Valve  F  is  a  high 
vacuum  valve  which  allows  the  ion  pump  to  continue  operating  even  when 
the  bell  Jar  has  been  removed  from  the  base  plate.  Viton  gaskets  are 
used  in  the  high  vacuum  vailves  and  for  the  bell  Jar  seal.  Most  of  the 
experimental  investigations  were  carried  out  at  pressures  of  less  than 

-7 

5  X  10  torr. 

Figure  6,2  Illustrates  the  relative  arrangement  of  the  bell  Jar, 
base  enclosure  and  mechanical  system.  The  experimental  tube,  which 
consists  of  an  electron  gun  and  planar  anode  and  sole  electrodes,  is 
attached  to  the  stationary  bause  plate.  The  measuring  system  is  mounted 
on  the  movable  center  pedestal  idiich  is  bzought  into  the  beise  through  a 
2-1/2  inch  flexible  bellows.  The  mechanical  stage  is  capable  of  3  inches 
of  motion  in  the  z-dlrectlon,  2  inches  in  the  x-  and  y-dlrections,  and 
rotation  about  the  x-  and  y-axes. 

Three  sides  of  the  base  enclosure  are  used  for  mounting  eight 
hi^  current  feed  throuc^  and  two  7*pin  feed  throughs.  The  system  is 
pumped  through  a  6-incb  diameter  pipe  coming  out  of  the  fourth  side  of 
the  beise. 

Figure  6.3  is  a  photograph  of  the  entire  eissembly.  The  ion  pump 
supply  is  mounted  in  the  top  left  hand  panel  while  the  a-c  supply  for 
the  cathode  heater  filsments  is  located  in  the  center  panel.  The  control 
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fig.  6.2  DIAGRAM  ILLGSTRATIliG  OSE  RELATIVE  LCXIATIQN 
OF  THE  VARIOUS  COMPOHEHTS . 


FIG.  6.5  EI£CTROK  BEAM  AHALYZER  ASSEMBLY. 
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vbeel  above  the  filament  supply  is  the  gear  drive  control  for  the 
SHiotion  of  the  mechanical  stage. 

Figure  6.U  is  a  close-up  view  of  the  special  necked-dovn  bell 
Jar  design  which  allows  the  magnet  pole  piece  gap  to  be  kept  to  a 
reasonable  value.  The  normad  spacing  is  6-1/2  inches  for  which  mag¬ 
netic  fields  in  excess  of  700  gauss  are  easily  achieved. 

Figure  6.5  illustrates  the  relationship  between  the  mechanical 
stage,  flexible  bellows  and  base  enclosure.  The  x- and  y-translation 
controls  and  tilting  mechanism  are  clearly  displayed.  The  two  7-pin 
feed  throuc^  located  in  the  fr(»it  side  of  the  base  cupe  adso  visible. 

Figure  6.6  is  a  photograph  of  the  tube  and  grid  wire  assembly. 

The  tube,  which  consists  of  an  extended  Kino  short  gun  and  planar  anode- 
sole  regicm,  is  bolted  to  the  stationary  base  plate.  The  anode  and 
sole  electrodes  are  connected  by  four  ceramic  rods  which  are  also 
attached  to  the  top  and  bottom  supporting  plates.  The  original  anode - 
sole  spacing  vas  0.128  inch  but  later  was  increased  to  0.168  inch  for 
the  aperture  measurements.  The  sole  electrode  included  two  0.050  inch 
rails  spaced  0.690  inch  apart.  These  rails  help  in  preventing  the  bean 
from  spreading  in  the  x-dlrecticxi  and  moving  out  of  the  interaction 
region.  The  collector  is  a  V-shaped  copper  block  which  is  connected  to 
the  other  components  by  two  ceramic  plates. 

The  grid  assembly,  which  is  illustrated  in  Fig.  6.7,  consists  of 
ten  parallel  0.005  inch  diameter  tungsten  vires  stretched  across  a  frame 
which  is  mounted  on  the  movable  center  pedestal.  The  vires  sure  positioned 
in  grooves  cut  into  ceramic  supports  located  at  each  end  of  the  vires. 

Bach  wire  is  terminated  by  welding  to  a  thicker  L-shaped  wire  which  acts 
as  a  spring  to  maintain  the  grid  vires  under  tension.  The  other  end  of 
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FIG.  6.5  MECHANICAL  MCVIlffiNT  STAGE  . 
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fig.  6.6  CROSSED-FIELD  DEVICE  LOCATED  WITHIN  THE  SPECIAL 


BELL  JAP.  OF  THE  BEAM  ANALYZER. 
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each  wire  is  connected  to  one  of  the  terminals  on  the  7-pin  feed 
throu^s.  Thus  the  application  of  voltages  to  the  various  vires  ca..  be 
easily  performed  on  the  external  base  plate  panel. 

Figure  6.8  provides  a  view  of  the  grid  vires  located  in  the  anode - 
sole  region  and  in  position  to  intercept  the  electron  beam.  For  the 
crossed-fleld  investigations  the  motion  of  the  grid  vires  vas  restricted 
to  the  z -direction  (i.e.,  parallel  to  the  anode  end  sole  electrodes). 

The  grid  vas  capable  of  approximately  1.2  inches  of  motion  through  the 
interaction  region  starting  at  the  gun  exit  plane.  The  grid  wires  were 
biased  at  different  potentials  by  connecting  them  to  a  resistance  network 
as  illustrated  in  Fig.  6.9. 

The  aperture  system,  which  is  not  shown  in  the  above  photographs, 
is  located  approximately  0.003  inch  behind  the  grid  vires  as  indicated 
in  Fig.  6.10.  The  system  is  ccmposed  of  a  0.010  inch  molybdenum  beam 
intercepting  aperture  plate  and  a  parallel  molybdenum  deflection  plate 
spaced  0.020  inch  away.  A  0.004  inch  diameter  opening  in  the  aperture 
plate  allows  a  small  portion  of  the  beam  to  enter  the  deflection  region. 
The  motion  of  the  electrons  in  this  region  is  controlled  by  the  volteige 
difference  between  the  two  plates.  In  peaiiicular,  the  capability  of  the 
electrons  in  reaching  the  deflection  plate  depends  on  their  entrance 
velocities  and  the  voltage  difference  between  the  two  plates.  These 
relationships  are  discussed  in  more  detail  in  Appendix  F. 

6.3  Extended  Kino  Short  Gun  Design 

Figure  6.11  illustrates  the  extended  Kino  short  gun  assembly. 

The  configuration  is  identical  to  that  which  was  analyzed  on  the  Poisson 
cell  and  described  in  Chapter  III.  The  extension  of  the  gun  beyond  the 
usual  cut-off  plane  was  motivated  by  the  experimental  results  of  Midford 
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fig.  6.8  GRID  WIRE  ASSEMBLY  LOCATED  IH  POSITICH 


TO  IHTERCEPT  THE  BEAM. 


ANODE 
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FIG  6.10  APERTURE  STSTEM  FOR  THE  CR08SED-FIEID  BEAM  ANAIJZER  INVEaTIGATION. 
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PLACED  IN  THE  INTERACTiaN  REGION. 
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vhich  indicated  that  such  a  change  vas  capable  of  improving  the  beam 
characteristics • 

The  focusing  anode,  ^diich  is  located  along  the  theoretical 
°  2^  equipotential,  is  made  of  molybdenum.  It  is  attached  to  a 
copper  block  vhlch  is  connected  to  the  auiode  and  top  support  structure 
by  means  of  tvo  ceramic  plates. 

The  contour  of  the  upper  portion  of  the  cathode  block  is  a  repro¬ 
duction  of  the  zero  equipotential  curve  from  the  Kino  theory.  These  tvo 
curved  sxurfaces  are  referred  to  as  the  front  and  rear  cathode  ramp  elec- 
trodea.  The  block  is  made  of  oxygen-free -hi^ -conductivity  (OFHC)  copper 
just  818  are  the  sole,  einode  and  collector  electrodes.  The  cathode  block 
ia  attsiched  to  the  sole  and  bottom  supporting  structure  by  ceramic  plates 
in  ex8u:tly  the  same  manner  sis  the  focusing  anode  is  connected  to  the 
anode  and  top  support  plate. 

The  cathode -heater  assembly  for  the  extended  gun  is  illustrated 
in  Pig.  6.12.  The  design  has  been  quite  successful  in  allowing  relatively 
troublefree  operation  of  the  cathode  over  a  long  period  of  time.  A 
sapphire  rod  is  peissed  throu^  the  center  opening  of  the  helical  heater 
filament  to  keep  it  properly  aligned  vith  respect  to  the  cathode.  The 
cathode  itself  is  an  impregnated  tungsten  bar  (O.O^  inch  square  by  0.400 
inch  long)  \dilch  is  velded  to  the  molybdenum  shield  by  means  of  tvo  tung¬ 
sten  vires..  The  heater  and  sapphire  rod  lie  within  the  shield  so  that 
the  proper  operating  temperature  of  1100*C  can  be  achieved  at  a  reasonable 
heater  power  of  approximately  2^  watts. 

The  tvo  tungsten  vires  which  support  the  cathode  and  shield,  as 
veil  as  the  sapphire  rod  euid  heater  leads  are  fitted  through  appropriate 
holes  in  0.030  inch  thick  ceramic  wafers  mounted  on  the  tvo  ends  of  the 
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1 .  Cathode 

2 .  Cathode  Block 

3 .  Molybdenum  Lining 

U.  Tungsten  Wires  for  Supporting 
Cathode  and  Shields 
5 •  Molybdenum  Shield 

6.  Sapphire  Support  Rod  for 
Heater  Filament 

7.  Uncoated  Heater  Filament. 

FIG.  6.12  CROSS-SECTIONAL  VIEW  OF  CATHODE  ASSEMBLY. 
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cathode  block.  This  method  of  supporting  the  components  allows  them  to 
expand  freely  throu^  the  holes  as  the  assembly  heats  up  and  yet  main- 
tains  them  In  the  proper  position  relative  to  the  cathode  block.  The 
problem  of  electrical  shorts  between  various  components  has  been  success¬ 
fully  eliminated  by  this  design. 

The  experimental  operating  characteristics  of  the  gun  are  described 
In  the  ziext  chapter.  This  Is  followed  by  the  discussion  and  Interpretation 
of  the  anode -sole  region  beam  Interception  data. 


CHAPTER  VII.  EXPERIMENTAL  INVESTIGATIONS 


7.1  Introduction 

The  experimental  investigation  of  crossed-field  si)ace-charge 
flows  can  be  separated  into  two  general  classifications  : 

1,  Evaluation  of  the  electron  gun  behavior  under  various  operating 
conditions . 

2.  Determination  of  the  beam  characteristics  in  the  anode -sole 
region . 

The  two  investigations,  however,  are  not  ccmpletely  independent  since 
the  space-charge  characteristics  in  the  anode -sole  region  are  determined 
to  a  great  extent  by  the  quality  of  the  beam  which  is  ejected  from  the 
gun. 

The  electron  gun  Investigation  is  primarily  concerned  with  an 
evaluation  of  the  effects  of  the  magnetic  field  and  focus ing-einode  volt¬ 
age  on  the  cathode  current,  focusing -anode  cxirrent,  high-voltage  emode 
current,  and  collector  current.  The  experimental  results  are  discussed 
and  compared  with  the  predictions  of  the  Kino  theory. 

The  investigations  of  the  beam  in  the  anode -sole  region  are  con¬ 
cerned  with  two  general  areas  of  interest.  One  deals  with  the  gross 
behavior  of  the  beam  during  its  einode-sole  Journey  which  involves  a 
consideration  of  the  general  characteristics  of  the  space-charge  flow. 

In  particular,  the  beam  location,  thickness  and  average  space -charge 
density  are  investigated  as  a  function  of  the  z -position.  This  information 
is  quite  useful  in  optimizing  the  design  of  crossed-field  electron  devices . 

The  other  area  of  Interest  is  concerned  with  the  microscopic 
description  of  the  space-charge  flow.  In  this  case  a  small  section  of 
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the  beam  is  examined  in  more  detail  vith  the  Intention  of  determining 
the  velocity  distribution  of  the  electrons.  These  Investigations  also 
^ix'o/ide  Information  concerning  the  space-charge  density  and  current 
density  In  the  beam  as  a  function  of  position. 

The  experimental  Investigations  were  all  carried  out  utilizing 
the  beam  euialyzer  described  In  the  previous  chapter.  In  a  majority  of 
the  work  the  extended  Kino  short  gun  was  used  as  the  beam  Injection 
system. 

7.2  Experimental  Behavior  of  the  Extended  Kino  Short  Gun 

The  basic  gun  geostetry  Indicating  the  voltages  applied  to  the 
various  electrodes  Is  Illustrated  in  Fig.  7>1*  The  anode  and  collector 
are  held  at  ground  potential  while  the  cathode  and  sole  are  pulsed 
between  ground  and  a  negative  voltage  V  .  The  pulser  generates  a  100 
second  pulse  at  a  repetition  rate  of  100  pulses  per  second.  The 
focusing  anode  Is  biased  to  by  means  of  a  d-c  supply. 

The  cathode  current  focus ing-anode  current  anode 

cixrrent  (l  ),  and  collector  current  (l  )  are  plotted  as  a  function  of 
the  magnetic  field  In  Fig.  7 •2a.  The  focuslng-anode  voltage  and  cathode 
voltage  were  fixed  at  -500  volts  and  -145(1  volts  respectively.  The 
cathode  ciurrent  remains  fairly  constant  for  low  magnetic  field  values 
bur  decreases  quite  rapidly  as  the  magnetic  field  is  Increased.  This 
tyi>e  of  behavior  Is  quite  well-known  and  Is  the  result  of  reduced  emission 
from  the  front  portlcm  of  the  cathode.  In  other  words,  as  the  magnetic 
field  Is  Increased  the  electrons  leaving  the  left-hand  section  of  the 
cathode  pass  closer  to  the  front  section  thus  Increasing  the  space-charge 
density  In  this  region  and  decreasing  the  emission. 
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7.1  SCHEMATIC  DIAGRAM  OF  IHE  EXTENDED  KINO  GUN  CROSSED-FIELD  DEVICE. 
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«.)  CURRENT  VARIATIONS 


b.)  PERCENT  TRANSMISSION 

FIG.  T.2  EXPERIMEHTAL  VARIATION  CF  CURRENTS  WITO 
MAGNETIC  FIEU).  (V^  =  -1430,  =  -500) 
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remains  essentially  constant  until  the  cut-off  magnetic 

field  is  reached  at  which  point  it  decreases  sharply  to  zero.  This, 

of  course,  is  a  direct  cons  quence  of  the  increased  magnetic  field 

causing  the  beam  to  bend  until  it  is  no  longer  intercepted  by  the 

focusing  anode.  Simultaneously  with  th'^  decrease  in  the  collector 

current  rises  abruptly  as  indicated  in  Fig.  7 •2a.  The- expected 

behavior  of  I  would  be  a  smooth  increase  to  a  maximum  value  before 
c 

decreasing  as  a  result  of  the  reduction  in  1^^.  This  is  essentially 
the  pattern  followed  by  except  for  a  slight  depression  which  occurs 
shortly  beyond  the  maximum  value  (i.e.,  at  approximately  B  =  375 
gauss  in  Fig.  7*2a).  At  this  same  point,  rises  abruptly  to  a  relative 
maximum  before  decreasing  again  as  the  magnetic  field  is  increased. 

The  above  phenomenon  can  be  explained  by  considering  the  cycloidal 
nature  of  the  electrons  in  the  gun  region.  As  the  magnetic  field  is 
increased,  the  curvature  of  the  beam  increases  until  eventually  some  of 
the  electrons  strike  the  front  reunp  electrode  while  others  reach  a 
position  very  close  to  that  electrode.  Those  which  strike  the  ramp  cause 
secondary  electrons  to  be  emitted  and  these  are  immediately  drawn  to  the 
focusing  anode.  Those  electrons  which  do  not  strike  the  ramp  can  also 
reach  the  focusing  anode  on  their  subsequent  upward  trajectory.  In  either 
case,  has  a  relative  maximum  and  a  corresponding  relative  minimum. 

Figure  7* 2b  illustrates  the  percentage  of  cathode  current  which 
reaches  the  collector  as  a  function  of  magnetic  field  for  the  above 
conditions.  The  maximum  transmission  is  approximately  8j  percent  at 
550  gauss.  This  value  was  typical  of  the  optimum  results  found  for 
most  magnetic  field  conditions.  However,  for  a  given  magnetic  field 
the  transmission  is  obviously  also  a  function  of  and  V^. 
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The  current  variations  for  higher  velocity  beams  were  sunilar 

to  the  preceding  results.  Figure  7.3a  illustrates  the  curves  obtained 

for  V-  =  -900  volts  and  V  -  -2400  volts.  The  relative  I.  maximum 
f  c  f 

occurs  at  a  higher  magnetic  field,  approx ijnately  kju  gauss,  vdiich  is 
consistent  with  the  fact  that  the  electric  field  is  greater;  i.e.,  the 
scaling  constant  (V^  -  V^)/B^  which  maintains  the  trajectories  constant 
is  6.62  X  10®  at  the  relative  maximum  point  in  Fig.  7 •2a  and  6.82 
X  lo®  in  Fig.  7*3a»  This  implies  that  the  relative  increase  in  focusing- 
anode  current  beyond  cut-off  occurs  under  conditions  for  which  the 
electron  t.raJectories  are  essentially  the  same.  Figure  7.3b  shows  the 
transmission  as  a  fxinction  of  magnetic  field  with  the  maximum  value 
being  90  percent. 

The  dependence  of  the  various  currents  on  tne  voltage  difference 
between  the  cathode  and  focusing  anode  (V^  -  V  )  is  illustrated  in 
Figs.  7*4  and  7-5  where  each  case  involves  different  values  of  and  B. 
The  cathode  current  appears  to  vary  as  (V-  -  V  )^.  This  is  demonstrated 

A  c 

by  the  peui^bolic  curves  in  the  figures  \diich  were  plotted  according  to 
the  equation 


I 


C  +  K 


(V,  - 
B 


(7.1) 


vhsre  C  and  K  are  constemts.  This  variation  agrees  with  the  results  of 

other  experimenters^^'®®  who  used  simpler  electron  injection  systems. 

Midford^^  has  stated  that  I.  varies  linearly  with  (V_  -  V  )  for  the 

i«  I  c 

Kino  short  gun,  although  this  ralation  appears  to  be  valid  only  in  the 
vicinity  of  the  design  value  of  (V^  -  V^).  On  the  other  hand  he  shows 
that  the  long  gun  cathode  current  has  a  (V^  -  V^)*/B  variation. 
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0.)  CURRENT  VARIATIONS 


b.)  PERCENT  TRANSMISSION 

FIG.  7.5  EXPERIMENTAL  VARIATION  OF  CURRENTS  WITH 
MAGNETIC  FIEID.  (V^  =  -2400,  =  -900) 
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The  constants  C  cuid  K  In  Eq.  7*1  were  selected  to  fit  the 
experimental  data  points  in  Figs.  7*^  and  7>^  and  there  is  no  indi¬ 
cation  of  the  maignetic  field  range  for  which  they  apply.  However, 

Figs.  7*6  and  7*7  provide  some  idea  of  the  region  of  validity  of  Eq.  7*1* 
The  operating  conditions  are  identical  to  those  of  Fig.  7*^  except  that 
B  has  been  increased  from  2^6  gauss  to  31^  gauss  and  367  gauss  respect¬ 
ively.  The  agreement  between  the  theoretical  parabolas  and  the  experl- 
Biental  curves  is  quite  reasonable  and  suggests  that  the  (V^  -  V^)^/B 
vauriation  of  the  cathode  current  is  valid  over  a  rather  wide  range  of 
magnetic  field  values. 

The  focusing  cmode  in  the  experimental  Kino  gun  is  located  along 
the  theoretical  curve  for  the  normalized  potential  of  =  23.  The  Kino 
flow  cixidltlons  require  that  the  y-component  of  current  density  at  any 
point  be  given  by 

€  0)^ 

Jy  *  *  constant  ,  (7*2) 

where  9  is  the  actual  potential  at  the  point  and  ^  is  the  normalized 
value.  Using  this  equation  it  is  possible  to  compare  the  experimental 
currents  with  the  theoretical  predictions.  However,  this  requires  a 
knowledge  of  the  voltage  at  a  given  point  in  the  beam. 

The  following  procedure  can  be  used  to  obtain  an  approximate 
solution  for  J  .  Starting  with  B  »  0  the  magnetic  field  is  Increased 

y 

until  goes  to  zero  \diich  corresponds  to  the  situation  where  the  beeun 
passes  adjacent  to  the  focusing  anode  but  is  not  intercepted.  Consequently 
the  voltage  at  the  top  of  the  beam  is  approximately  9.  which  allows  J 

—  y 

to  be  computed  from  Eq.  7*2.  For  each  9 value  a  different  cut-off 
magnetic  field  (B^^)  is  required  and  hence  also  a  different  J^.  At  the 
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FIG.  7.6  VARIATIdl  OF  CURIEHTS  WITH  V_.  NO  GRID  WIRES.  (V^  =  -  5OO,  B  =  5I5) 


35  +  9.75  X|0**  (V 


-1(2- 


4 


FIG.  T.T  VARIATION  OF  CATHODE  CURRENT  WITH  V  .  (V.  -  -500,  B  =  58T) 
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same  time  the  experimental  cathode  current  densities  (Jj^)  can  be 
determined  from  the  total  emission.  Figure  7*8  illustrates  the  theo¬ 
retical  J  and  experimental  J,  variations  a'  function  of  B  .  The 
y  k  CO 

curves  are  very  similar  although  the  experimental  values  do  drop  off 
somewhat  at  higher  B  values.  Nevertheless  the  results  indicate  that 
in  general  the  average  cathode  emission  behaves  according  to  the  theo¬ 
retical  relationship  expressed  by  Eq.  7*2. 

The  space-charge- limited  Poisson  cell  analysis  of  the  extended 
Kino  short  gun  described  in  Chapter  III  resulted  in  an  average  cathode 
current  density  of  0.79  amp/cm^  for  cp^.  =  15^  volts  and  B  =  568  gauss. 

A  few  of  the  experimental  studies  were  conducted  under  similar  conditions 
and  are  listed  below  for  comparison: 

(e)  =  1500  volts,  B  =  552  gauss,  average  cathode  current 

density  «  =  0.7^  amp/cm^; 

(b)  9^  «  1500  volts,  B  =  570  gauss,  Jj^  =  0.75  amp/cm^;  and 

(c)  9^  =  1500  volts,  B  =  587  gauss,  Jj^  =  0.72  amp/cm^. 

Thus  the  experimental  cathode  emission  is  generally  within  10  percent 
of  the  Poisson  cell  value. 

The  beam  analyzer  investigations  described  in  the  following 
section  allow  the  determination  of  the  beam  profile  in  the  interaction 
region.  Figure  7*9  illustrates  such  a  profile  where  90  percent  of  the 
beam  current  flows  between  the  boundaries  indicated  by  the  triangles. 

The  beam  outline  in  the  gun  region  was  obtained  from  a  Poisson  cell 
analysis  in  which  the  scaling  parameter  9j./B^  =  9*76  x  10®  was  nearly 
the  same  as  the  9*97  x  10®  experimental  value.  These  results  indicate 
that  the  electron  beam  formed  by  the  experimental  gun  is  essentially  the 
same  as  was  predicted  by  the  Poisson  cell  investigation. 
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FIG.  7.8  COHPARISCH  OF  THEORETICAL  AIID  EXFERIMENTAL  CATHODE  CURRENT  DENSITIES.  (<I> 
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ANQDE-SOIZ  REOIOR  IS  DETERNmH)  7ROM  THE  BEAM  ANAUTZER  EXPERIMEHTS 
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7»3  Gross  Cheuracterlstlcs  of  Electron  Beams 

The  grid  wire  assembly  Is  located  so  that  the  ten  wires  lie  In  a 
plane  ^rtiich  Is  transverse  to  the  general  direction  of  electron  flow.  A 
voltage  is  applied  to  each  wire  by  connection  to  the  eleven  resistor 
network  as  indicated  In  Fig.  7*10>  The  currents  intercepted  by  the 
various  wires  provide  a  description  of  the  gross  characteristics  of  the 
space-charge  flow  in  the  cmode-sole  region.  As  described  previously, 
the  grid  assembly  is  mounted  on  the  movable  center  pedestal  of  the  beam 
analyzer  thus  allowing  investigation  of  the  beam  over  a  z-lnterval  of 
1.2  Inches. 

The  magnitude  of  current  Intercepted  by  a  given  wire  depends  on 
the  current  density  at  that  point  in  the  beam  as  well  as  on  the  potential 
difference  between  the  wire  cmd  the  corresponding  location  in  the  beam. 

If  it  is  assumed  that  this  potential  difference  is  relatively  small,  then 
the  currents  intercepted  by  the  wires  provide  a  description  of  the  beam 
profile.  The  variation  of  the  beam  profile  throughout  the  interaction 
regicm  can  be  observed  by  moving  the  grid  system  and  monitoring  the 
current  interceptions  at  the  various  cross  sections. 

Figure  7 •11a  Illustrates  the  profile  variations  obtained  for 
V  ■  -1425  volts,  V_  ■  -500  volts  emd  B  »  552  gauss.  It  is  obvious 
from  this  figure  that  the  beeun  is  undergoing  periodic  variation  as  it 
proceeds  through  the  anode-sole  region.  '?he  behavior  is  Illustrated  in 
Fig.  7.11b  where  the  /-location  of  the  maximum  current  interception  has 
been  plotted  for  each  z-positlon  of  the  grid  wires.  The  result  indicates 
a  distance  of  approximately  0.48  inch  between  successive  maxima  and  0.46 
inch  between  minima.  The  theoretical  variation  in  a  planar  anode-sole 
region  can  be  written  as 
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where  V  »  potential  difference  between  the  anode  and  sole,  and 

Ct**8 

d  =  anode-sole  spacing.  Substituting  the  appropriate  values  of 
Fig.  7*11  Into  Eq.  7*3  results  In  =  O.496  Inch  which  Is  In 
reasonable  agreement  with  the  experimental  values. 

Figure  7* 12a  Illustrates  the  profiles  at  various  z-locatlons 

for  V  =  -1890  volts  and  B  =  409  gauss.  The  solid  curves  represent 
0 

=  -1100  volts  vdiile  the  broken  curves  are  for  =  -1000  volts. 

Figure  7  •12b  Is  a  plot  of  the  y-location  of  the  maximum  current  inter- 
ceptlcm  as  a  function  of  the  z-position  of  the  grid  assembly.  The 
reduction  in  focus ing-anode  voltage  from  -1100  to  -1000  volts  has 
resulted  In  a  more  nearly  laminar  beam  as  Indicated  by  the  reduced 
amplitude  of  the  maximum  Interception  curve.  In  each  case  the  experi¬ 
mental  and  theoretical  periods  are  In  good  agreement  as  Indicated  on 
the  figure. 

The  undulation  of  the  beam  under  high  magnetic  field  conditions 
is  illustrated  in  Fig.  7 •13®  and  7*  13b  where  =  -2210  volts,  =  -85O 
volts  and  B  =  390  gauss.  Obviously  the  strong  magnetic  field  has  caused 
the  beam  to  travel  rather  close  to  the  sole  such  that  at  Its  minimum 
location  very  little  current  strikes  the  grid  wires.  Once  again  there 
Is  good  agreement  between  the  theoretical  and  experimental  values  of  the 
period.  The  figure  also  seems  to  Imply  that  the  amplitude  of  the  beam 
undulation  decreases  as  the  beam  moves  away  from  the  gun  exit  plane.  At 
the  same  time  the  maximum  current  intercepted  at  any  cross  section  is 
observed  to  increase  with  z.  This  implies  either  an  increase  in  the  space- 
charge  density  or  in  the  beam  velocity.  However,  the  behavior  is  not 
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FIG.  7.11t>  LOCATION  OF 
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sufficiently  consistent  to  allow  definite  conclusions  to  be  formed. 

For  example,  in  Fig.  7*11  the  exact  opposite  behavior  was  obsei*ved 
such  that  the  maximum  current  interception  decreased  with  z  while 
simultaneously  the  beam  became  wider  and  less  clearly  defined. 

Figure  7*1^  (V^  =  -1^50^  =  -^00,  B  =  335)  presents  a  rather 

interesting  situation  wherein  the  beam  moves  through  the  interaction 
region  at  a  nearly  fixed  location  and  with  approximately  the  same 
profile  at  each  cross  section.  The.  variation  of  the  maximum  profile 
point  illustrated  in  Fig.  7*l^b  shows  that  the  beam  undulation  is 
extremely  small.  The  above  results  imply  that  the  transition  from 
the  gun  to  the  interaction  region  is  fairly  smooth  and  furthermore 
that  the  electron  velocities  at  the  gun  exit  plane  are  nearly  equal  to 
E/B,  the  value  required  for  linear  flow.  Assuming  a  narrow  beam  with 
negligible  space  charge  located  as  illustrated  in  Fig.  7*l^b,  the 
electric  fields  in  the  two  regions  are  given  by 

E  at  gun  exit  =  4.83  x  10®  volts/m 


and 


E  in  anode-sole  region  =  4.45  x  10®  volts/m. 

The  velocity  of  the  electrons  is  found  to  be 

V  =  1.23  X  10^  m/sec  , 

whereas  the  E/B  in  the  interaction  region  is 

33  X  10^  m/sec 
s 

Although  the  velocity  of  the  electrons  entering  the  anode-sole  region  is 
slightly  less  than  the  desired  value,  the  tendency  of  the  beam  to  move  up 
because  of  this  condition  is  co'onte.racted  by  the  fact  that 
which  tends  to  move  the  beam  down.  Thus  the  net  result  is  an  approximate 
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balance  between  the  electric  and  magnetic  forces  so  that  the  beam  undula¬ 
tion  is  relatively  small. 

The  results  of  Fig.  7*15a  were  obtained  when  the  voltages  and  , 
magnetic  field  were  increased  to  =  -1765^  =  -66o  and  B  =  U65.  The 

beam  experiences  a  pronounced  undulation  during  its  motion  through  the 
anode-sole  region  as  indicated  in  Fig.  7*  15^*  Performing  the  same 
calculations  as  above  restilts  in 

®exit  “  5*15  X  10®  volts/m, 

E  =  5  *^2  X  10®  volts/m, 

V  =  1.02  X  10^  m/sec,  and 

E  /B  «  1.16  X  10*^  m/sec. 

8*8 

The  reason  for  the  undulation  is  Immediately  obvious.  The  velocity  of 
the  incoming  electtons  is  less  than  the  desired  value  while  at  the  same 
time  the  anode-sole  region  electric  field  exceeds  the  exit  plane  value. 

Both  of  these  conditions  cause  the  entering  electrons  to  mo\e  in  an  upward 
direction,  a  result  which  is  substantiated  by  Fig.  7>1^^* 

Figures  J.llSa  and  b  Illustrate  the  results  when  the  voltages  and 
magnetic  field  were  increased  still  further  to  =  -2000,  =  -750;  and 

B  s  ^78.  The  behavior  of  the  beam  is  similar  to  that  of  Fig.  7*15  insofar 
as  the  undulatory  nature  of  the  motion  is  concerned.  As  in  most  cases  the 
experimental  and  theoretical  cycloidal  periods  are  approximately  the  same. 

The  above  experimental  results  have  been  interpreted  without 
considering  the  effect  which  the  presence  of  the  grid  wires  exerts  on 
the  beam.  This  effect  ceua  be  evaluated  qualitatively  by  referring  to  Figs. 
7>17a  aod  b  which  indicate  the  results  ^dien  grid  wire  number  4  was  dis¬ 
connected  from  the  resistance  network  with  =  -1490,  =  -500  and 

B  =  352  (although  wire  4  draws  no  current,  the  profiles  are  plotted  as 


-199- 


010 


-1765,  V-  «  -660,  B  »  i»65) 


-201 


-203- 


^04- 


(H3M)  NOOdBadaili  IflinilWIXVM  dO  NOlilSOd-A 


-205 


if  I  f  0.  This  is  simply  to  improve  the  appearance  of  the  curves).  It 
is  interesting  to  observe  that  the  same  type  of  behavior  occurs  as  when 
wire  4  is  connected  to  the  circuit  in  the  usual  manner. 

Figure  7»l8  presents  a  detailed  description  of  the' currents 
intercepted  by  wire  3  both  with  wire  4  connected  and  disconnected.  The 
experimental  points  were  obtained  by  moving  the  grid  along  the  z-axis 
in  increments  of  0.01  inch.  The  I  variation  is  the  same  in  each  case 

3 

except  that  the  magnitude  of  the  intercepted  current  is  greater  with 
wire  U  disconnected.  This  implies  that  the  presence  of  the  grid  wires 
does  not  distort  the  beam  as  far  as  the  general  configuration  and 
periodic  variation  is  concerned.  The  difference  in  the  value  of  inter¬ 
cepted  current  ccmes  about  as  a  resiilt  of  the  p)Otential  on  wire  3  being 
affected  by  the  disconnection  of  wire  h.  In  other  words,  the  magnitude 
of  current  interception  depends  not  only  on  the  current  density  but  also 
on  the  difference  in  potential  between  the  wire  and  the  corresponding 
besun  location. 

The  experimental  value  of  the  cycloidal  period  is  obtained  by 
measuring  the  distance  between  alternate  peaks  of  Fig.  7 *18  rather  than 
adjacent  peaks.  The  necessity  of  measuring  in  this  manner  can  be 
explained  by  referring  to  Fig.  7*  19*  The  cycloidal  curve  describes  the 
variation  of  the  maximum  profile  point  along  the  z-axis  while  the  shaded 
area  represents  the  beam  configuration.  The  straight  line  is  the  path 
followed  by  wire  3  as  the  grid  is  moved.  Although  a  complete  cycloid 
corresponds  to  the  distance  between  A  and  C,  relative  maxima  of  I  occur 

3 

at  the  three  points  A,  B,  and  C.  Thus  the  value  rf  is  obtained  by 
measuring  the  distance  between  the  alternate  peaks.  This  type  of  behavior 
occurs  whenever  the  maximum  point  passes  through  the  wire  in  question. 
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Hovever,  if  the  iixinum  point  never  reaches  a  peurtlcular  vire  the 
distance  between  two  consecutive  peaks  represents  the  cycloidal  period. 

Figure  7*20  is  a  plot  of  the  cturrents  intercepted  by  wires  2, 

4,  5  ®nd  6  for  the  case  *  -2200,  »  -850  and  B  =  ^1.  The  theo¬ 

retical  cylcoidal  length  is  O.635  inch.  The  measurement  of  the  appro¬ 
priate  distances  yields  values  which  are  in  good  agreement  with 
Notice  that  wires  2,  ^  axMl  6  lie  outside  of  the  maximum  interception 

region  and  thus  the  distance  between  successive  peaks  of  I  ,  I  ,  and 

2  5 

I  represents  a  coaplete  period.  However,  the  maximum  point  does  pass 

a 

through  wires  3  4  so  that  alternate  peaks  measurements  of  I  and  I 

3  4 

yield  the  correct  L  values. 

o 

It  is  difficult  to  obtaxn  an  exact  description  of  the  beam  from 
the  experimental  data.  However,  if  tae  beam  is  defined  to  lie  between 
those  points  whose  intercepted  current  is  10  percent  of  the  maximum 
profile  point,  then  it  is  possible  to  plot  a  beam  configuration  in  the 
anode-sole  region.  Figures  7.21  through  7*26  represent  typical  beam 
outlines  obtained  in  this  manner.  Each  figure  also  includes  the  location 
and  thickness  of  the  BriUoui.^.  beam  which  is  compatible  with  the  experi¬ 
mental  voltages,  current  and  magnetic  field. 

In  Fig.  7*21  the  beam  enters  the  anode-sole  region  below  the 
corresponding  Brillouin  beam  locaticxi.  The  beam  width  at  the  entrance 
plane  is  several  times  the  theoretical  value.  The  magnetic  field  for 
this  case  was  relatively  low  (246  gauss)  thus  resulting  in  a  rather  long 
cycloidal  variation.  The  thickness  of  the  beam  remains  nearly  constant 
but  its  location  does  change  slightly.  However,  the  variation  is  not 
sufficiently  large  to  allow  an  accurate  experimental  evaluation  of  the 
period. 
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FIG.  7.21  EXPERIME3iTAL  BEAM  CONFIGURATION  IN  'TiE  INTERACTION  FEGION 
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Flgure  7*22  represents  a  situation  which  Is  similar  to  the 
preceding  except  that  the  magnetic  field  was  Increased  to  33^  gauss. 

Once  again  the  beam  maintains  a  nearly  constant  thickness,  ^Ich  is 
greater  than  the  correspcmding  Brlllouin  value,  and  experiences  only  a 
silent  undulation  during  Its  motlcxi. 

Figure  7*23  Illustrates  the  situation  of  a  pronounced  beam  undula¬ 
tion  under  the  condltlcxis  =  -1490  volts,  =  -500  volts  and  B  =  352 
gauss.  The  beam  Is  much  wider  than  for  Brlllouin  flow.  The  thickness 
also  undergoes  variation  as  the  beam  travels  through  the  anode-sole 
region.  It  Is  Interesting  to  observe  that  the  variation  of  the  maximum 
beam  profile  location  Is  nearly  syimaetrlcal  with  the  theoretical  Brlllouin 
beam.  This  Indicates  that  the  beam  enters  the  Interaction  region  at  the 
correct  location  but  with  nonideal  conditions:  e.g.,the  beam  thickness 
and  direction  of  motion  at  the  entrance  plane  do  not  fulfill  the  proper 
matching  conditions  for  laminar  flow.  Consequently  the  beam  undulates 
about  the  Ideal  Brlllouin  position. 

Figure  7*24  demonstrates  the  behavior  of  a  beam  which  enters  the 
anode-sole  region  far  below  the  Brlllouin  location.  The  effect  of  such 
am  entrance  Is  to  produce  a  greater  electric  field  on  the  top  edge  of  the 
beaus  thus  resulting  In  the  sharp  upweurd  curvature  of  the  electron.  This 
Is  followed  by  the  usual  cycloidal  vaurlatlon  of  the  beam  location.  There 
Is  also  a  pronounced  beam  thickness  variation  with  the  largest  value 
occurlng  ^en  the  beam  Is  at  Its  maximum  height  above  the  sole.  The 
operating  conditions  for  this  situation  were  =  -1765 >  ■  -660  and 

B  «  295* 

Figure  7*25  illustrates  a  similau:  behavior  for  «  2010, 

Vj  =  -750  auad  B  «  330.  The  beam  enters  the  anode-sole  region  below  the 
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Brillouin  location  and  is  immediately  forced  up  toward  the  anode.  The 
cycloidal  variation  of  the  beam  thickness  and  location  is  readily  appar¬ 
ent  from  the  figxire.  Again  the  beam  has  its  maximum  thickness  when  it 
is  farthest  from  the  sole. 

The  operating  conditions  for  Fig.  7*26  are  the  same  as  Fig.  7*25 
except  that  B  has  been  increased  to  350  gauss.  The  larger  magnetic  field 
has  caused  the  beam  to  enter  the  anode-sole  region  at  a  lower  position. 

It  is  also  apparent  that  the  beam  always  remains  well  below  the  theoreti¬ 
cal  Brillouin  location.  However,  the  general  configuration  is  similar 
to  the  preceding  result. 

There  are  several  methods  for  evaluating  the  approximate  space- 
charge  densities  in  the  beam  by  using  the  data  obtained  from  the  grid 
wire  current  interceptions.  Appendix  E  discusses  the  various  methods 
one  of  which  will  be  used  here  to  evaluate  the  space-charge  density 
variation  along  the  beam,  p  is  assumed  to  be  constant  across  any 
transverse  plane  while  z  is  considered  to  vary  linearly  as  in  Brillouin 
flow 

z  =  u)^(y  +  2a)  .  (7.4) 

Then  the  average  space-charge  density  at  any  cross  section  can  be  written 
as 


where  h 

i 

a 

I 


p  “  sTirfrisT  ^  ' 

beam  width  in  the  x-direction, 
beam  thickness  in  y-direction, 
distance  between  beam  and  sole,  and 
beam  current. 


(7.5) 
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The  values  of  a  and  I  at  each  cross  section  can  be  obtained  from  Fig.. 
7.21-7»26.  Calculation  of  the  p  values  results  In  the  c  irves  Illustrated 
In  Pig.  7*27.  The  values  are  the  Brlllouin  space-charge  densities 
corresponding  to  the  various  magnetic  field  values. 

In  every  case  (except  b)  the  average  space-charge  density  under¬ 
goes  periodic  behavior  which  Is  a  necessary  consequence  of  the  variation 
of  the  beam  thickness  and  location.  The  p  values  are  usually  less  than 
the  theoretical  Brlllouin  values  (except  for  case  f).  The  maximum  p  for 
the  various  cases  are: 


(a) 

=  0.53, 

(b) 

=  0.28, 

(c) 

P  /P 
^max'^o 

0.31, 

(d) 

*^«ax^^o 

-  0.66, 

(e) 

^■ax^^o 

■  0.62,  and 

(f) 

^BBlX^^O 

-  1.15. 

These  are  average  values  and  hence  at  some  point  In  the  beam  for  a  given 
z  the  naxlBum  space-charge  density  could  be  greater. 

In  appendix  E  It  is  shown  that  for  variable  space-charge  density 
across  the  beam,  given  by 

p  -  Pj^  sin  xy/f  ,  (7.6) 

the  peak  space-charge  density  at  any  cross  section  cem  be  written  as 

“m  *  to  /(*  +  Us)  ^ 

\0 

Thus  p  B  x/2  p  which  results  In  values  for  the  above  situations  of 

Ol 

■  0.83,  0.44,  0.49,  1.04,  0.97;  «uid  1.8.  Since  the  beam  profiles 
illustrated  earlier  generally  appear  to  have  a  mauclmum  near  the  center 


P{,  ICT^coul/m») 
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FIG.  7.27  VARIATION  OF  AVERAGE  SPACE-CHARGE  DENSITY 


ALONG  THE  z -DIRECTION. 


of  the  beam,  the  sinusoidal  variation  of  Eq.  7*6  Is  not  an  unreasonable 
repre  sen  tat  1  CXI . 

Although  It  Is  difficult  to  determine  the  accuracy  of  the  space- 
charge  densities  calculated  from  the  current  Interception  data,  the  above 
results  appear  to  be  fairly  realistic.  They  Indicate  that  p  Is  generally 
less  than  although  at  the  highest  density  points  In  the  beam  the  values 
approach  p^.  Case  f  Indicates  larger  p  values  but  the  proximity  of  the 
beam  to  the  sole  for  this  case  makes  the  measurements  difficult  to 
Intrepret  and  hence  leads  to  some  question  concerning  the  validity  of  the 
results.  In  most  cases  the  space-charge  density  Is  observed  to  vary 
periodically  along  the  beam  In  much  the  same  mEinner  as  the  beam  thickness 
and  location. 

The  configuration  suggested  by  Figs.  7*21  through  7*26  Indicate 
that  the  beam  Invariably  Is  thicker  than  the  corresponding  Brlllouln  case. 
The  location  varies  periodically  while  the  thickness  either  remains 
approximately  c<xistant  or  varies  In  a  cycloidal  manner.  Under  no  condi¬ 
tions  was  a  scalloped  beam  obtained.  This  suggests  that  such  a  flow 
cannot  exist  In  the  anode-sole  region  of  a  device  which  utilizes  the 
extended  Kino  short  gun  as  the  beam  forming  system.  However,  the  Inser- 
tlcxi  of  'in  r-f  structure  (e.g.,€m  Interdlgital  line)  Into  the  Interaction 
region  could  theoretically  make  It  possible  to  achieve  a  scalloped  d-c 
electron  beam. 

Th**  gross  beam  characteristics  provide  experimental  verification 
of  several  fundamental  concepts  which  have  been  discussed  In  preceding 
chapters.  That  Is,  the  ncnlamlnar  behavior  of  the  beam  In  the  interaction 
region  caui  be  produced  by  any  one  of  the  three  conditions: 

1.  The  beam  enters  the  anode-sole  region  at  a  location  which 
differs  from  the  theoretical  Brlllouln  position. 
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2.  The  electric  fields  in  the  gun  and  anode-sole  regions  are 
poorly  matched. 

3.  The  fields  are  matched  but  the  voltages  are  mismatched. 

These  last  two  conditions  are  a  direct  consequence  of  a  poor  transition 
region.  This  emphasizes  the  fact  that  the  generation  of  nearly  laminar 
electron  beams  is  critically  dependent  on  the  proper  matching  of  conditions 
at  the  boundary  between  the  gun  region  and  interaction  region. 

However,  even  if  the  conditions  are  perfectly  matched  and  the 
electrons  enter  at  the  proper  location,  the  beam  will  still  be  somewhat 
thicker  tnan  the  Brillouin  value.  Two  of  the  factors  which  contribute  to 
this  behavior  are  imperfections  in  the  gxm  system  and  initial  velocity 
effects  at  the  cathode.  The  effect  of  tangential  emission  velocities  was 
analyzed  in  Chapter  IV  and  found  to  produce  significant  broadening  of  the 
beam.  In  addition  it  causes  the  besun  to  become  "fuzzy”  such  that  space- 
charge  densities  near  the  boundaries  are  less  than  in  the  center  of  the 
flow.  Such  characteristics  are  typical  of  the  beam  profiles  indicated 
by  the  experimental  investigations.  Although  the  undulation  of  a  beam 
can  be  minimized  by  the  proper  match  between  the  gun  and  interaction 
regions,  the  presence  of  initial  tangential  velocities  makes  it  impossible 
to  achieve  exact  Brillouin  flow  from  any  electron  injection  system. 

There  is  yet  another  factor  which  influences  the  shape  of  the 
apparent  beam  profile.  This  is  the  emission  of  secondary  electrons  from 
any  surface  which  is  bombarded  by  primary  electrons.  Figure  7*28  compares 
the  linear  current  density  distribution  in  a  Brillouin  beam  with  a  profile 
which  is  typical  of  the  experimental  observations.  The  secondary  electrons 
released  from  one  wire  are  capable  of  moving  to  higher  potential  wires. 

Thus  if  a  Brillouin  beam  strikes  the  grid  the  net  current  reading  of  the 
lowest  potential  wire  will  be  reduced  due  to  its  loss  of  secondary 


k  7.28  COMPARISQtf  OF  THE  THEORETICAL  BRILLOUIN  CURRERT  DENSITY  DISTRIBUTION 
WITH  A  TYPICAL  EXPERIMENTAL  PROFIIE. 
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electrons.  Similarly  tne  uppermost  wire  which  is  struck  by  the  beam  will 
eject  r-ondaries  which  move  through  the  beam  boundary  and  arrive  at 
wires  J  "  *a>-cd  outside  of  the  space-charge  flow.  The  secondary  currents 
reach! ’'g  '  e  wires  would  imply  a  beam  width  greater  than  the  actual 
value.  They  would  also  impart  a  rounded  shape  to  the  apparent  beam 
profile  as  determined  from  the  current  interception  data.  Both  of  these 
characteristics  are  typical  of  the  experimental  beam  configxirations 
described  above. 

The  results  indicate  that  there  are  three  principal  reasons  for 
the  shapes  of  the  beam  profiles  obtained  from  the  experimental  investi¬ 
gations.  Two  of  these  effects  (tangential  emission  velocity  and  improper 
beam  focusing)  are  inherent  in  the  physical  operating  characteristics 
of  the  device.  The  secondary  emission  effect,  however,  comes  about 
because  it  is  necessary  to  intercept  the  beam  in  order  to  evaluate  its 
characteristics.  Thus  the  measurement  technique  introduces  a  relative 
uncertainty  into  the  beam  profile  calculations. 

7.U  Aperture  System  Measurements 

7.4.1  Description  of  System.  Figure  7.29  illustrates  the  basic 
aperture  system  design  used  for  analyzing  the  electron  beam  characteristics. 
A  small  portion  of  the  beam  passes  through  the  O.OuU  inch  diameter  open¬ 
ing  in  the  aperture  plate  and  enters  the  deflection  region.  The  motion 
of  the  electrons  in  this  region  is  dependent  on  their  initial  velocities 
and  the  voltage  difference  between  the  two  plates.  Measurements  of  the 
current  reaching  the  deflection  plate  for  various  ^  values  provides  a 
means  for  evaluating  the  velocity  distribution  of  the  incoming  electrons. 
The  proper  interpretation  of  the  data  also  allows  the  determination  of 
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FIG.  7-29  APERTURE  SYSTIM  FOR  THE  CROSSED-FIEIi)  BEAM  ANAT.Y7.to  INVESTIGATION 
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the  average  space-charge  density.  A  more  detailed  discussion  of  the 
effect  of  the  grid  wires  on  the  electron  trajectories  and  of  the  measure¬ 
ment  capabilities  of  the  aperture  system  are  presented  in  Appendix  F. 

7.^.2  Space-Charge -Density  Measurements .  The  determination  of 
the  average  space-charge  density  at  a  given  location  requires  a  knowledge 
of  the  average  electron  velocity  and  current  density  passing  through  the 
aperture.  The  z-component  of  current  density  can  be  determined  from 
the  total  current  reaching  the  deflection  plate  and  is  given  by 

<J^>  =  ,  (7.8) 

where  <J  >  =  average  current  density  passing  through  the  aperture, 

2 

=  total  current  reaching  the  deflection  plate,  and 
A  =  aperture  area. 

<J  >  is  related  to  the  average  space-charge  density  (<p>)  and  z-component 
2 

of  velocity  (<z>)  by  the  equation 

<J  >  =  <p>  <z>  .  (7.9) 

The  data  obtained  from  the  aperture  system  measurements  would  provide 
the  necessary  information  for  calculating  <z>  and  thus  would  lead  to 
the  evaluation  of  the  average  space-charge  density.  However,  as  will  be 
discussed  a  little  later,  there  are  some  technological  problems  associated 
with  the  aperture  system  measurements  which  complicate  the  <z>  calculations. 

A  simple  experiment  was  carried  out  to  illustrate  the  importance 
of  matching  the  fields  and  voltages  between  the  gun  and  anode-sole  region. 
The  aperture  system  was  positioned  quite  close  the  gun  exit  pxane 
(approximately  O.O5O  inch  away)  and  the  beam  leaving  the  gun  was  analyzed 
under  both  matched  and  mismatched  conditions.  For  the  matched  situation. 
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V-,  V  and  V  were  selected  so  that  there  was  no  curvature  of  the 

X  8l  8 

equlpotentlal  lines  in  moving  from  the  gun  exit  plane  into  the  cmode- 
sole  region.  For  these  voltages  the  magnetic  field  was  increased  until 
the  current  passing  throu^  the  ai)erture  was  a  maximum.  When  this 
condition  is  reached  it  is  reasonable  to  assume  that  the  average  velocity 
of  the  electrons  is  essentially  only  in  the  z-directlon  emd  cam  be 
approximated  by 

<i>  «  J2ti  9  ,  (7.10) 

^ere  q>  is  the  space-charge-free  voltage  at  the  aperture  location. 

Using  Eqs.  7*6,  7*9  ^nd  7*10  the  <;p>  values  for  matched  conditions  were 
calcuilated  and  plotted  in  Fig.  7 >30.  It  is  apparent  that  the  space- 
charge  densities  sire  quite  close  to  the  corresponding  Brillouin  values 
for  each  magnetic  field  intensity.  It  should  also  be  realized  that  the 
presence  of  space  charge  causes  the  actual  potential  at  the  aperture 
location  to  be  less  than  the  value  used  in  Eq.  7.10.  This  means  that 
<t>  is  smaller  and  hence  the  actual  <ip>  is  greater  than  indicated.  Thus 
it  can  be  concluded  that  for  the  proper  magnetic  field  the  gun  is  capable 
of  generating  a  beam  whose  space- charge  density  is  approximately  the 
Brillouin  value  as  long  as  the  voltages  and  electric  fields  between  the 
two  regions  su^  matched. 

The  deliberate  mismatch  of  the  conditions  at  the  exit  plane 
resulted  in  the  other  curve  Illustrated  in  Fig.  7*30.  Again  B  was 
selected  for  maxlmur^  I^^.  For  this  case  the  experimental  points  lie  well 
below  the  Brillouin  curve.  This  suggests  that  either  the  space-charge 
densities  are  reduced  or  the  electrons  have  picked  up  appreciable  y- 
components  of  velocity.  Since  the  voltages  are  definitely  mismatched, 


this  latter  effect  is  the  more  probable.  This  means  that  the  <£>  values 
are  less  than  those  indicated  by  Eq.  7>10  so  that  the  <b>  values  cure 
greater.  However,  the  beam  is  experiencing  a  rather  sudden  downward 
acceleration  thus  indicating  subsequent  nonlamlnar  flow.  This  behavior 
is  substcintiated  by  the  following  discussicxi. 

Figure  7*31  illustrates  the  variation  of  deflection  plate  current 

as  the  aperture  system  is  moved  away  from  the  gun  exit  plane.  For  the 

matched  condltl(ms  the  current  which  passes  through  the  aperture  (l^) 

varies  periodically  with  distance.  This  is  to  be  expected  since  the 

magnetic  field  and  anode  voltage  were  not  properly  selected  to  give 

Brlllouln  flow.  There  is  a  reductlcm  in  the  I  value  at  the  second  i)eak 

o 

as  compared  to  the  first  maximum  value.  This  can  be  explained  in  either 
of  two  ways: 

1.  Since  the  anode-sole  spacing  has  been  increased  from  0.126  inch 
to  0.188  inch  to  facilitate  insertion  of  the  ai)erture  system,  it  is  possi¬ 
ble  that  the  O.O3O  inch  sole  hats  are  no  longer  capable  of  confining  the 
be«ui.  In  this  case  the  beam  voxild  spread  in  the  x-dlrectlon  and  hence 
would  reduce  the  current  density  passing  through  the  aperture. 

2.  The  thickness  (l)  may  be  increasing  as  the  beam  proceeds  down 
the  tube. 

Althou^  the  beam  configurations  encountered  in  the  investigations  des¬ 
cribed  in  Section  7*3  did  not  generally  indicate  Increasing  thickness  in 
the  z-directlon,  it  is  possible  that  with  the  Increased  anode-sole  spacing 
the  situation  has  become  more  ccxiducive  to  such  behavior.  It  is  felt  that 
both  of  the  above  conditions  exist  to  some  extent  and  contribute  to  the 
reduction  in  current  density. 

The  current  variation  under  mismatched  conditions  resulted  in 
extremely  large  varlatims  of  I^,  especially  near  the  two  peaks.  The 
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for  this  behavior  Is  that  the  mismatch  conditions  at  the  exit 
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:  'piene  disturb  the  beam  to  such  an  extent  that  It  undergoes  extreme  undu¬ 
lation  in  the  anode-sole  region.  The  undulation  Is  so  great  that  the 
electrons  are  capable  of  slipping  around  the  aperture  plate  (either  below 
or  above  it)  and  reach  the  deflection  plate.  Thus  the  peak  values  are 
not  caused  by  the  electrons  which  pass  through  the  aperture  but  rather  by 
those  which  bypass  the  aperture  plate.  This  is  additional  confirmation 
of  the  conclusion  that  the  transition  between  the  gun  and  interaction 
region  is  extremely  critical  in  producing  decent  beam  configurations. 

7.^.3  Analysis  of  Deflecti<xi  Plate  Data.  Ideally  the  current 
Intercepted  by  the  deflection  plate  should  vary  with  Ap  as  described  in 
Appendix  F  and  illustrated  in  Fig.  7*32.  As  ^  is  decreased  from  large 
positive  values  I  remains  constant  at  until  the  lowest  velocity  class 
of  ‘  electrcxis  is  cut  off  and  unable  to  reach  the  deflection  plate. 
starts  decreasing  at  this  point  and  continues  doing  so  until  it  becomes 
zero  irtien  the  cut-off  ccxidltlcxi  for  the  highest  velocity  electrons  is 
reached. 

Unfortunately,  the  applicatlcxi  of  this  procedure  to  measure  the 
characteristics  of  cm  electron  beam  encounters  some  complications.  The 
relatively  small  distensions  which  are  required  force  the  values  to 
become  negative  in  order  to  cut  off  any  electron  entering  with  an  emgle 
B  >  -43*.  Thus  the  electrons  which  strike  the  deflection  plate  when 
dtp  <  0  cause  the  esiission  of  secondaries  which  move  across  to  the  aperture 
plate  rather  than  returning  to  the  deflection  plate.  As  dtp  changes  from 
positive  to  negative,  1^^  decreases  abiruptly  to  negative  values.  The 
magnitude  of  the  negative  current  is  dependent  on  the  secondary  emission 
coefficient  of  the  deflection  plate  which  in  turn  is  dependent  on  the 
cleanliness  of  the  surface,  the  energy  of  the  primary  electrons,  and  the 


TIG.  7.32  aHEQREnCAL  VARIAXIOV  OP  KFUCTIOV  PIATE 


at  which  they  strike  the  plate.  Some  typical  curves  are 
illustrated  in  Fig.  7*  33*  application  of  a  graphite  coating  to 
reduce  the  secondary  emission  was  found  to  be  of  very  little  benefit. 

Even  thou^  secondary  emission  is  present,  it  is  still  possible 
to  analyze  the  data  and  obtain  qualitative  results.  For  example,  each 
curve  in  Fig.  7*33  reaches  a  mlnimtm  at  some  ^  value  and  then  gradually 
returns  to  zero.  The  data  can  be  interpreted  such  that  the  region  of 
increasing  corresponds  to  that  interval  in  which  the  various  velocity 
classes  of  electrons  are  being  cut  off. 

The  shape  of  the  vs.  curve  is  dependent  on  the  character r 
istics  of  the  electrons  idiich  pass  through  the  aperture.  The  analyses  of 
Appendix  F  indicate  that  there  are  three  situations  which  are  particularly 
interesting. 

1.  The  electrons  pass  through  the  apez*ture  with  the  same  energy 
(9Pq)  ^ut  at  different  angles  (9).  Each  9  class  of  electrons  requires 

a  different  value  in  order  to  be  cut  off.  The  relationship  is  expressed 
by  the  equation 

Bing  «  ±  Jl  +  (^/{p3  .  (7.11) 

2.  Electrons  enter  with  different  energies  but  in  the  same  direc¬ 
tion.  Equation  7*11  applies  here  also  but  for  this  case  9  is  fixed  and 
each  9^  class  of  electrons  requires  a  different  ^  value  for  cut  off. 

5.  Electrons  pass  through  the  aperture  with  a  distribution  in  both 
energy  and  direction. 

Although  this  last  situation  probably  is  closest  to  the  actual  physical 
conditions  in  .most  cases,  the  complexity  of  the  required  measurement  system 
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preclxides  Its  Invest igatlcxi  at  this  time.  Ccmsequently  the  experimental 
data  %rlll  be  analyzed  on  the  assumption  that  either  one  of  the  first  two 
conditions  exists  as  the  electrons  pass  through  the  aperture. 

Consideration  of  Fig.  7*33  in.  more  detail  makes  it  possible  to 
conmz^  results  itben  there  is  only  an  angular  distribution  of  electrons 
(i^)  vlth  those  ^en  there  is  only  an  energy  distribution  (dip^).  For 
B  ■  388  gauss  ^  the  assumption  of  uniform  energy  requires  that  the  electrons 

pass  through  the  aperture  vith  angles  varying  from  0  *  0^  to  9  >  -14". 

1  2 

These  angles  correspond  to  the  points  labeled  1  and  2  on  the  curve.  If 
it  is  assumed  that  the  electrons  all  enter  vlth  9  «  -7"^  the  resulting 
energies  fall  between  >  680  volts  and  >  3d3  volts.  Thus  even 
with  the  relatively  sharp  break  of  this  particular  curve  the  corresponding 
energy  difference  is  nearly  100  volts  %rhlch  is  rather  large.  For  most 
of  the  data  the  difference  in  energy  would  be  even  greater  thus  suggesting 
that  the  angular  distribution  of  the  electrons  at  the  aperture  is  a  more 
reasonable  explanation  for  the  shape  of  the  curves. 

The  above  results  indicate  that  the  beam  is  nonlandnar.  However, 
it  is  possible  to  calculate  the  average  space-charge  density  of  the 
electrons  irtiich  pass  through  the  aperture.  This  can  be  done  by  using 
the  average  angle  at  which  the  electrons  enter,  their  average  energy 
(<p^>)  and  the  total  current  passing  through  the  aperture.  For  the  388 
gauss  curve  in  Fig.  7 >33  these  values  are  <9>  ■  -7”^  volts, 

and  ■  1.42  x  10*^  a^p.  Equation  7*9  can  be  written 


<^P> 


<J> 

<v> 


cos  <0>  * 


(7.12) 
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where  A  =  aperture  area  =  0.812  x  10"®  Using  the  above  data  in 

Eq.  7*12  results  in  <p>  =  1.11  x  10"®  coul/m®  which  is  approximately 
half  the  Brillouin  value  of  =  2.5^  x  10"®  coul/m®. 

The  same  calculations  can  also  be  made  for  the  other  magnetic 
field  conditions.  The  results  are  illustrated  in  Table  7*1  which 
also  includes  the  calculations  based  on  the  curves  of  Fig.  7.3^  and 
7.35*  The  tabulated  values  of  <p>/p^  for  Fig.  7*33  indicate  that  the 
flow  is  quite  nonlaminar.  The  incoming  electrons  are  observed  to  lie 
within  the  angular  intervals  -14“  <  9  <  u®,  -19®  <  9  <  59®  ^  and 
-25®  <  9  <  36®  for  B  =  3S8,  352  and  315  gauss  respectively.  The 
lowest  magnetic  field  condition  results  in  a  beam  whose  average  velocity 
is  most  nearly  parallel  to  the  z-axis  (0>  =  5*5®)  •  However,  the  352 
gauss  situation  results  in  the  highest  relative  space-charge  density 
(<p>/p^  =  1.16).  The  difficulty  in  interpreting  the  data  comes  about 
because  changes  in  the  magnetic  field  modify  the  electron  trajectories 
everywhere  in  the  gun  region.  Furthermore,  the  extreme  length  of  the 
gun  also  introduces  certain  nonlaminarities  as  indicated  in  Chapter  III. 
In  general,  however,  the  space-chargp  densities  are  found  to  agree  at 
least  qualitatively  with  the  results  obtained  in  the  earlier  part  of 
this  chapter;  i.e.,  <p>/p^  calculations  usually  result  in  values  some¬ 
where  in  the  range  between  O.5  and  1.5* 

The  space-charge  densities  calculated  from  the  curves  of  Fig. 

7.3^  are  of  the  same  order  of  magnitude  as  the  above  results.  These 
curves  also  seem  to  follow  a  more  consistent  pattern  as  the  magnetic 
field  is  varied.  In  particular  the  average  angle  at  which  the  electrons 
pass  through  the  aperture  is  observed  to  become  more  negative  as  B  is 
increased.  These  angles  vary  from  -4®  at  B  =  258  gauss  to  -I6.5®  at 


Average  Space-Charge  Denaitlea  Calculated  from  the  Experlnental  Data 
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B  =  515  gauss.  The  results  imply  that  the  larger  magnetic  field  values 
exert  a  greater  downward  force  on  the  beam  as  it  leaves  the  gun  region. 

Comparison  of  the  315  gauss  ciirves  in  Fig.  7*55  and  7*5^  indicates 

that  the  electrons  leave  the  gun  in  a  more  negative  direction  for 

=  -1100  volts.  This  behavior  should  be  expected  since  the  change  in 

V  from  -I6OO  volts  to  -1100  volts  results  in  the  electron  velocities 
c 

being  smaller  by  a  factor  of  only  1.21  whereas  the  electric  field  is 
reduced  by  the  factor  1.14-6.  Thus  the  magnetic  force  is  increased  relative 
to  the  electric  force  when  is  reduced  to  -1100  volts  and  the  average 
angle  changes  from  -7®  to  -I6®. 

The  results  of  Fig.  7*35  indicate  <p>  values  which  are  greater 
than  the  Brillouin  densities.  However,  in  contrast  to  the  preceding 
data,  the  parameters  for  these  curves  were  selected  to  optimize  <;p>  and 
hence  the  values  should  correspond  approximately  with  the  maximum  <p>/p^ 
values  obtained  from  Figs.  7*35  und  7*3^*  This  is  essentially  true  since 
the  <q>/q^  values  in  Fig.  7*35  vary  between  I.05  and  1.42  whereas  the 
maximum  values  in  the  preceding  two  cases  were  I.I6  and  1.2  respectively. 

The  and  values  in  Fig.  7*55  were  selected  so  that  for  each 
B  value  the  ratio  (V^-V^)/B^  remained  essentially  constant  varying  only 
between  0.9  and  1.0.  Maintaining  this  scaling  parameter  constant  would 
result  in  the  same  trajectories  and  beam  configurations  in  the  gun  region 
for  each  B  value.  As  the  magnetic  field  is  reduced  it  is  apparent  from 
Table  J.l  that  <ff>  decreases.  This,  of  course,  is  in  direct  opposition 
to  the  type  of  behavior  one  would  expect  as  B  is  varied.  However,  the 
apparent  anomaly  can  be  explained  by  referring  to  Fig.  7-36  which  illus¬ 
trates  the  location  of  the  equipotential  corresponding  to  the  focusing- 
anode  voltage  for  the  various  cases.  As  B  is  decreased  the  voltages  are 
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also  decreased  so  that  the  location  of  the  equipotential  in  the  anode- 
sole  region  is  forced  down  toward  the  sole.  Since  electrons  in  crossed 
electric  and  magnetic  fields  tend  to  flow  along  equipotential  lines, 
the  lowering  of  the  equipotential  forces  the  beam  in  a  more  down- 

ward  direction  as  it  leaves  the  gun.  This  is  the  reason  that  <d> 
decreases  as  B  and  are  reduced.  The  results  again  emphasize  the 
necessity  of  proper  matching  at  the  exit  plane  in  order  to  reduce  the 
undulation  and  nonlamlnarity  of  the  beam. 

The  angular  distribution  of  the  electrons  indicated  by  the  experi¬ 
mental  data  appears  to  be  rather  large  in  scxne  cases.  In  order  to 
evaluate  the  A9  intervals  which  might  be  expected  for  a  given  problem, 
the  space-charge-free  behavior  of  the  electrons  will  be  considered.  The 
beam  is  assumed  to  be  composed  of  identical  trajectories  as  illustrated 
in  Fig.  Thus  at  a  given  point  (e.g.,A)  the  electrons  will  have 

directions  distributed  between  the  limiting  values  of  ±  0  .  0  can  be 

m  m 

obtained  by  solving  the  equations  of  motion  \rtiich  resvilt  in 


✓  Tfp  Z  ' 

c  c 

and 

m>a 

z  =  -r—K  (oj  t  -  sin  o)  t)  +  —  sin  u)  t  ,  (7*1^) 

d£i>2  '  c  C  CD  c  ^  \  I  / 

c  c 


where  z^  =  (2Tja(p^/d  is  the  velocity  of  the  electron  at  its  minimum 

y -location.  From  these  equaticxis  the  slope  of  the  trajectory  at  any  point 
is  found  to  be 


dz 


+  *0' 


sin  CD  t 
c 


tan  0 


(7.15) 
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vhich  assumes  a  maximum  value  at  =  n/2  given  by 

dBz 

tan  0  =1 - -  .  (7.l6) 

mm  \  I  / 

a 

The  thickness  for  this  bundle  of  trajectories  can  be  written  as 


i 


(7.17) 


Some  typical  values  of  the  various  parameters  would  be 

d  =  3.25  X  10-^, 

B  =  33p  gauss, 

m  =  1450  volts,  and 

a 

z  =  1  X  lO"^  m/sec. 

o  ' 

These  values,  which  are  those  of  Fig.  7.14,  result  in  S  *  14“  so  that 

m 

the  trajectories  passing  through  a  given  point  may  have  an  angular  inter¬ 
val  as  large  as  =  28“ .  Although  the  value  of  CB  ib  dependent  on  the 
operating  conditions,  it  is  quite  obvious  that  large  values  of  IB  would 
not  be  unusual.  This  becomes  especially  true  when  the  conditions  at  the 
exit  plane  are  badly  mismatched. 

Figures  7.3^  ®rid  7*39  illustrate  the  deflection  plate  current 
variations  as  the  aperture  system  is  moved  along  the  z-axis.  The  first 
figure  corresponds  to  the  operating  conditions  of  =  -120U,  =  -500 

and  E  =  295  gauss  while  the  second  has  =  -1400,  =  -5C0  and  B  =  515 

gauss.  In  many  cases  the  data  is  impossible  to  analyze  and  hence  provides 
very  little  useful  quantitative  information. 

From  Fig.  7.58  the  average  entrance  angle  of  the  electrons  at 
the  z  =  0.20,  0.40,  and  O.98  inch  planes  are  calculated  to  be  <0>  =  -13“ » 
-5®  and  -l8“  respectively.  Similar  calculations  for  Fig.  7.59  result  in 
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<8>  values  of  -10®,  10®,  6®  and  4®  at  z  =  0.10,  0.2p,  0.50  and  0.95  inch. 
In  neither  figure  is  there  a  discernible  pattern  to  the  experimental 
curves.  It  is  difficult  to  say  much  more  than  that  the  beam  is  quite 
nonlamlnar  and  the  electrons  have  greater  ^  intervals  at  some  z- 
locations.  As  the  aperture  system  is  moved  away  from  the  gun  exit  plane 
the  beam  undulations  become  more  severe  especially  if  the  matching  con¬ 
ditions  are  poor.  Such  extreme  variations  of  the  beam  also  complicate 
attempts  to  measure  its  characteristics. 

7.5  Double  Beam  Investigations 

It  was  suggested  by  Gandhi^  that  there  would  be  certain  advantages 
gained  by  operating  with  two  thin  streams  rather  than  a  single  thick 
stream.  It  Is  thus  Interesting  to  investigate  the  feasibility  of  forming 
two  beams  which  are  essentially  laminar  in  the  anode-sole  region.  The 
configuration  illustrated  in  Fig.  7*^0  was  used  to  study  the  character¬ 
istics  of  the  beams  which  are  emitted  from  separate  cathodes  located 
within  a  magnetically  shielded  enclosure.  The  cathode  assemblies  were 
isolated  in  order  to  allow  each  to  operate  at  a  different  potential. 
However,  this  isolation  required  a  rather  wide  separation  of  the  cathodes 
and  hence  complicated  attempts  to  form  reasonably  laminar  electron  beams. 

The  experimental  investigations  indicated  that  it  was  extremely 
difficult  to  inject  slmultaneoxisly  both  beeuns  into  the  anode-sole  region. 
In  particular,  the  focusing  anode  was  observed  to  receive  a  significant 
amount  of  current  under  all  conditions.  This  indicated  that  when 
conditions  were  favorable  for  one  of  the  beams  to  enter  the  anode-sole 
region  they  were  unfavorable  for  the  other.  Thus  it  was  concluded  that 
both  beams  could  not  be  simultsmeously  injected  into  the  anode-sole 
region  witho^it  a  portion  of  either  or  both  of  the  beams  being  intercepted. 
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FIG.  7.40  DOUBI£  CATHODE  SHIEIDED  GUN  CONFIGURATION. 
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Thls  behavior  is  indicated  in  Fig.  7*41  which  illustrates  the  anode- 
sole  region  beaa  profile  for  »  -I3OO  volts,  V^.  =  -1000  volts  and 
B  «  400  gauss.  The  total  emitted  current  is  152  ma  with  the  front  aind 
rear  cathodes  coitributing  96  and  56  na  respectively  while  the  focusing 
anode  is  intercepting  45  na.  The  profile  indicates  that  there  is  a  non- 
uniform  beam  moving  through  the  anode-sole  region.  For  every  set  of 
operating  conditions  investigated  the  results  were  essentially  the  same; 
i.e.,  was  always  quite  large  and  the  intercepted  grid  wire  currents 
indicated  the  presence  of  a  single  beam. 

The  above  data  indicate  that  the  front  cathode  has  greater  emission 
thsm  the  rear  cathode  %^n  they  are  operated  at  the  same  potential.  This 
is  partially  due  to  the  fact  that  the  front  cathode  region  is  subjected 
to  a  greater  electric  field  Intensity.  However,  the  extreme  differences 
in  the  emissions  indicate  also  that  the  front  cathode  is  probably  more 
active. 

Again  the  investigations  point  out  very  emphatically  the  sensitive 
nature  of  crossed-field  electron  injection  systems.  That  is,  the  achieve¬ 
ment  of  a  gun  configuration  which  is  capable  of  forming  a  well  defined 
beam  from  a  single  cathode  is  an  extremely  difficult  task  in  Itself. 

The  possibility  of  developing  a  system  capable  of  forming  two  beams  from 
separate  cathodes  appears  to  be  extremely  unlikely.  This  is  especially 
true  when  the  spacing  between  cathodes  is  rather  large. 


CHAPTER  VIII.  SUMMARY,  COWCUJSIONS  AND  SUGGESTIONS 

F(»  FURTHER  STUDY 

8.1  and  Conclusions 

This  dissertation  has  attempted  to  provide  a  better  understanding 
of  the  space-charge  flow  in  injected -beam  crossed-field  devices.  The 
investigations  have  been  concerned  vlth  the  problems  associated  vith 
the  formation  of  laminar  electron  beams  and  the  experimental  evalua¬ 
tion  of  the  beam  characteristics. 

It  has  been  demonstrated  that  the  achievement  of  Brillouin  flow 
in  a  planar  anode-sole  region  involves  a  iinlque  beam  location  and  thick¬ 
ness  for  a  given  set  of  operating  conditions.  These  restrictions  result 
in  a  limitation  of  the  maximum  perveance  and  electronic  efficiency  which 
can  be  obtained  for  the  condition  of  laminar  space -charge  flow.  F\irther- 
more,  there  is  also  a  limitation  to  the  maximum  convergence  which  the 
electron  gun  system  can  impose  on  the  beam.  The  operating  characteristics 
of  various  theoretical  guns,  such  as  the  Kino  short  gun,  were  Investigated 
and  found  to  be  different  in  many  respects  from  the  Brillouin  flow 
requirements . 

The  Poisson  cell  investigations  indicated  that  the  Kino  gun  did 
not  behave  exactly  according  to  theory  althongh  the  general  beam 
coxifiguratioos  were  essentially  as  predicted.  The  major  discrepancies 
from  the  theory  were  the  nonunifoxm  emission  of  electrons  from  the 
cathode  and  the  non  laminar  trajectories  within  the  beam.  These  results 
were  also  substantiated  by  the  digital  computer  Investigations  of 
similar  Kino  injection  systems. 
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The  digital  computer  analysis  of  an  abbreviated  Kino  gun  indicated 
the  possibility  of  achieving  desirable  beams  by  modifying  the  ramp 
electrode  configurations.  In  particular  it  was  ^served  that  one  could 
achieve  either  laminar  flow  or  uniform  emission  (although  not  simulta¬ 
neously)  by  changing  the  slopes  of  the  ramp  electrodes.  The  attainment 
of  uniform  cathode  emission  and  laminar  trajectories  simultaneously  (if 
possible)  would  require  modifications  in  the  focusing  anode  configuration. 

The  effect  of  initial  velocities  on  the  electron  trajectories  was 
also  evaluated  by  means  of  the  digital  computer  program.  The  results 
indicated  that  variations  in  the  normal  emission  velocity  component 
produced  essentially  no  change  in  the  electron  trajectories  although  it 
did  modify  the  time  required  for  the  electrons  to  proceed  along  the 
trajectory.  However,  the  consideration  of  tangential  emission  velocity 
components  indicated  a  rather  significant  influence  on  the  electron 
trajectory.  In  particular,  those  electrons  emitted  with  a  negative  z- 
component  of  velocity  were  capable  of  reaching  higher  potential  regions 
them  those  reached  by  electrons  emitted  in  the  positive  z -direction. 

Thus  the  tangential  emission  velocity  components  provide  a  mechanism 
whereby  electrons  can  reach  the  anode  of  a  cut-off  magnetron.  For 
injected-beam  devices  these  initial  velocities  are  also  responsible  for 
wider  beam  configurations. 

The  configurations  which  electron  beams  can  assume  in  the  anode - 
sole  region  of  a  crossed-field  device  were  investigated  under  d-c 
conditions.  The  establishment  of  irrotational  flow  was  found  to  preclude 
the  existence  of  certain  configurations  such  as  the  scalloped  beam 
pattern.  The  condition  of  irrotationality  also  requires  that  the  velocity 
slip  across  the  beam  always  be  given  by  bv/^n  =  .  Furthermore,  the  only 
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codstant  space -charge  density  beam  ^ich  can  exist  Is  one  whose  density 
Is  everywhere  equal  to  the  Brillouln  value.  Thus  for  an  luidulatlng 
beam  the  thickness  must  be  less  at  the  higher  velocity  cross  sections  of 

the  beam. 

The  experimental  Investigations  have  resulted  In  niimerous  Inter¬ 
esting  observations.  The  volt -ampere  behavior  of  the  Kino  gun  was 
observed  to  follow  very  closely  the  pattern  predicted  by  the  Kino 
theory.  The  cathode  emission  was  found  to  vaoy  as  (V.  -  V  )  /B  for  a 
fixed  magnetic  field.  This  va:rlatlon  was  found  to  be  valid  over  a  rather 
vide  range  of  magnetic  field  values.  The  average  exi)erlmental  cathode 
current  densities  were  also  found  to  be  in  good  agreement  with  the  theory. 

The  inve>  -igations  of  the  gross  properties  of  the  beam  In  the 
anode-eole  region  Indicated  variations  ^ich  were  repeatable  over  dis¬ 
tances  correspcmdlng  to  the  cycloidal  period.  In  general  the  entire 
beam  was  observed  to  undulate  with  this  period.  In  some  cases  the  beam 
thickness  was  observed  to  remain  fairly  constant  while  In  others  it  also 
underwent  periodic  variations.  The  average  space -charge  densities  were 
found  to  have  values  In  the  range  of  0.5  to  1.5  times  the  Brillouln 
deiisitles.  The  beam  thicknesses  were  generally  wider  than  the  corre¬ 
sponding  Brillouln  thicknesses  and  under  no  conditions  did  the  beam 
assume  a  scalloped  configuration. 

The  beam  characteristics  In  the  Euiode-sole  region  were  foiind  to 
be  critically  dependent  on  the  matching  conditions  between  the  gun  cmd 
the  Interaction  region.  In  addition  to  matching  the  voltages  (eind  hence 
also  the  electric  fields)  at  the  gun  exit  plane,  it  Is  also  necessary  to 
match  the  beam  which  leaves  the  gun  to  the  theoretical  Brillouln  beam 
which  can  be  maintained  in  the  anode -sole  region.  This  requires  that 
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the  injection  system  form  a  beam  whose  thickness  sind  location  at  the 
exit  plane  correspond  to  the  Brillouin  conditions  and  whose  velocity 
variation  across  the  beam  is  given  by  Deviations  from  any  of  these 

matching  conditions  will  result  in  the  undulation  and  nonlaminar  behavior 
of  the  beam  in  the  anode -sole  region. 

The  introduction  of  the  aperture  system  allowed  additional  data 
to  be  taken  for  calculation  of  the  space -charge  densities  in  the  beam. 
With  the  voltages  matched  at  the  gun  exit  plane,  the  magnetic  field 
was  varied  and  the  average  space -charge  densities  were  calculated.  These 
results  were  found  to  be  in  good  agreement  with  the  theoretical  varia¬ 
tions.  However,  when  conditions  were  mismatched  at  the  exit  plane  the 
beam  experienced  a  large  perturbation  as  it  left  the  gun.  The  beam  was 
then  observed  to  undergo  large  amplitude  undulatory  motion  such  that  in 
certain  regions  the  electrons  were  capable  of  swarming  around  the 
aperture  plate  and  thus  making  the  measurements  invalid. 

The  evaluation  of  the  deflection  plate  current  interception  data 
as  Acp  was  varied  encoxintered  some  difficulties  due  to  secondary  emission 
effects.  However,  by  careful  examination  of  the  data  it  was  possible 
to  evaluate  at  least  qualitatively  the  average  direction  of  the  electrons 
as  they  passed  th’'ough  the  aperture.  The  space-charge  densities  which 
were  obtained  from  the  experiments  again  indicated  values  in  the  range 
of  0.5  to  1.5  times  the  Brillouin  values.  In  every  case,  however,  the 
beam  appeared  to  be  quite  nonlaminar. 

In  summary,  these  investigations  have  provided  a  better  under¬ 
standing  of  the  space -charge  flow  in  injected-beam  crossed-field  devices. 
The  work  has  analyzed  the  limitations  of  various  injection  systems 
especially  with  respect  to  the  achievement  of  laminar  flow.  The  Poisson 
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cell  and  digital  conputer  Investigations  were  compared  and  found  to  be 
In  good  agreement.  These  results  vere  also  used  to  further  the  under¬ 
standing  of  the  experlaental  results.  In  general  the  experimental 
cathode  current  densities  vere  found  to  be  In  agreement  vlth  the  Poisson 
cell  and  digital  computer  results.  Furthexmore,  the  beam  configurations 
In  the  anode-sole  region  (see  Fig.  7.9)  correspond  to  the  results 
predicted  by  the  Poisson  cell  Investigation.  Finally,  the  transition 
between  the  gun  and  the  anode -sole  regies  was  demonstrated  to  exert  a 
tremendous  Influence  on  the  subsequent  motion  of  the  beam  through  the 
anode -sole  region. 

8.2  SuiMestlons  for  Further  Study. 

There  are  numerous  areas  of  Investigation  which  could  be  advan¬ 
tageously  studied  In  more  detail.  One  possibility  would  be  a  digital 
computer  Investigation  of  the  space -charge  flow  which  results  when 
electrons  are  emitted  from  the  cathode  according  to  a  prescribed  velocity 
distribution  function.  Historically,  the  problem  of  determining  the 
paths  of  electrons  was  first  Involved  with  attempts  to  obtain  IndlvlducJ. 
electron  trajectories  when  space -charge  effects  vere  negligible.  Various 
analog  systems  vere  soon  developed  idilch  allowed  the  solution  of  these 
relatively  simple  problems.  The  next  step  was  the  solution  of  trajec¬ 
tories  irtien  space -charge  forces  vere  significant.  These  problems  vere 
solved  after  the  evolution  of  space -charge  simulating  analog  systems, 
such  as  the  Poisson  cell,  and  by  various  digital  computer  methods. 

However,  the  solution  Invariably  reqiulred  c  '\aln  assumptions  at  the 
cathode  such  as  space -charge -limited  emission  with  zero  InltlaJ.  velocities. 
These  are  the  types  of  problems  which  have  been  handled  In  this  dissertation. 
However,  It  was  Indicated  In  Chapter  IV  that  the  presence  of  Initlad 
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emission  velocities  causes  a  change  in  the  electron  trajectories. 

Since  thermionic  emission  involves  electrons  leaving  the  cathode  with  a 
distribution  of  initial  velocities,  it  would  be  extremely  valuable  to  be 
able  to  consider  such  initial  conditions.  This  would  allow  a  more 
accurate  representation  of  the  thermionic  emission  phenomenon  euid  thus 
would  provide  a  better  opportunity  for  understanding  the  experimental 
observations.  At  the  present  time  a  digital  computer  program  based 
on  the  Monte  Carlo  technique  seems  to  offer  a  possibility  for  heuidling 
the  problem. 

The  experimental  investigations  described  in  Chapter  VII  could 
be  extended  in  several  different  directions.  One  immediate  possibility 
is  the  redesign  of  the  Kino  electrode  configuration  to  allow  grid  wire 
measurements  in  the  gun  region.  This  would  provide  information  con¬ 
cerning  the  uniformity  of  emission  from  the  cathode  as  well  as  indicating 
more  about  the  beam  configuration  in  the  gun  region. 

The  abbreviated  Kino  gun  described  in  Chapter  IV  would  prove  an 
interesting  experimental  model  to  investigate.  Since  the  digital  com¬ 
puter  studies  indicated  such  highly  desirable  characteristics,  it  would 
be  important  to  evaluate  whether  the  true  behavior  is  that  good.  The 
matching  of  conditions  at  the  exit  plane  would  be  especially  interesting 
to  investigate. 

Finally  the  insertion  of  ein  r-f  structure  in  the  anode -sole  region 
would  allow  the  investigation  of  the  beam  characteristics  when  subjected 
to  the  presence  of  a  propeigating  r-f  wave .  This  would  provide  a  great 
deal  of  useful  information  concerning  the  response  of  the  beam  when 
interacting  with  am  r-f  wave.  Such  knowledge  could  lead  to  improvements 
in  the  operation  of  crossed-field  devices. 


AFFEITDIX  A.  BRILLOUIN  ANALYSIS 


Figure  A.l  Illustrates  an  electron  beam  moving  through  the  planar 
anode-sole  region  of  a  crossed -field  device.  In  regions  1  and  3  Laplace's 
equation 

(y>z)  =  0  (A.l) 


must  be  satisfied  vhlle  In  the  space -charge  region  2  the  potential  dls 
tributlon  Is  given  by  Polsscm's  equation 


(yi*) 


■p(yig) 

€_ 


(A.2) 


The  condition  of  rectilinear  laminar  flov  requires  that  the  electrons 
have  only  a  z-conponent  of  velocity.  The  transverse  electric  and  mag¬ 
netic  forces  acting  on  the  Individual  electrons  vlU  be  balanced  if 
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(A.3) 


Conservation  of  energy  also  requires  that 


z  ■  -/in"  >/?  ,  (A. 4) 

vhere  the  electrons  are  assumed  to  have  originated  from  a  zero  potential 
cathode  with  zero  Initial  velocity.  Combining  equations  A.3  and  A. 4  and 
Integrating  gives 

CD* 

f  -  ^  ,  (A-5) 


%diere  C  Is  a  constant. 
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FIG.  A.l  BRILLOUIN  BEAM  MC7/ING  THROUGH  THE  ANCDE-SOIi:  REGION 
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The  electric  field  can  thus  be  written  as 


€Dl 


(A.6) 


The  electric  field  must  be  continuous  across  the  lover  boundary  of  the 
beam  which  results  in  the  equation 
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n  1 


2  r.2 

%  ^ 

2n  a 


(A.7) 


This  yields  >  2a  idiere  a  is  the  distance  from  the  lover  ed^  of  the 
beam  to  the  sole. 

The  potential  amd  electric  field  in  the  beam  can  thus  be  written 


as 
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(A.8) 


and 
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-  —  (y  +  2a)  . 


(A.9) 


Using  this  value  of  (p  in  Eq.  A, 2,  results  in  the  BriUouin  speu:e- 
chaurge  density  as  given  by 
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—  (0 
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(A. 10) 


This  density  is  only  a  function  of  the  magnetic  field, 
Frcm  Eq.  A. 3  the  velocity  becomes 


z  =  <0-  (y  2a) 


(A.U) 


which  leads  to  the  current  density  expression 
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J  =  p  z  = 
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(A. 12) 


The  total  current  carried  by  the  beam  is  given  by 


y=i  t  3 

/P  €  a> 

dy  =  h  I  — jp  (y  +  2a)  dy  ^ 


I  =  h  /  ^2  ^ 
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(A. 15) 


which  upon  integration  becomes 


I  = 
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where  h  is  the  width  of  the  beam  in  the  magnetic  field  direction. 

These  equations  provide  a  complete  description  of  a  rectilinear 
Brillouin  beam  located  at  a  distance  ”a**  above  the  sole  of  a  planar 


crossed-field  device. 


APPENDIX  B.  EET] 


[ATION  OF  ELECTRON  TRAJECTORIES  BY  THE 


USE  OF  A  POISSON  CELL  AND  ANALOG  COMPUTER 

The  determination  of  an  electron  trajectory  requires  the  sIjbuI- 
taneous  evaluation  of  the  equations  of  motl^  and  Poisson's  equation. 

The  ballistics  equations  are  solved  by  an  analog  computer  while  the 
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effects  of  space  charge  require  the  use  of  a  Poisson  cell  .  The 
complete  system  Is  Illustrated  In  Fig.  B.l. 

The  electrode  configuration  Is  applied  to  the  Poisson  cell 
with  conducting  silver  paint.  The  various  electrodes  are  then  connected 
to  the  appropriate  voltages  to  produce  the  space -charge -free  potent  led 
distribution  In  the  cell.  The  space  charge  Is  simulated  by  the  Injec¬ 
tion  of  currents  into  the  matrix  of  dots  located  on  the  underside  of 
the  Polsscxi  cell.  The  electric  field  6u:tlng  on  an  electron  at  any  point 
Is  determined  by  a  four  probe  system  which  measures  the  voltage  dif¬ 
ferences  In  the  y>and  z-dlrectlons.  The  analog  computer  uses  this 
Infozmatlcm  to  solve  the  ballistics  equations  for  the  electron  motion 
thus  providing  a  series  of  trajectories.  From  a  given  set  of  trajectories, 
the  space -charge  distribution  Is  determined  and  the  corresponding  currents 
are  Injected  to  simulate  the  conditions  for  the  next  run.  The  process  Is 
ccxitinued  until  a  self-consistent  solution  Is  obtained  whereby  the 
space -charge  distributions  for  two  successive  runs  are  nearly  Identical. 

The  electron  ballistics  equations  for  crossed-flelds  are 

(B-1) 
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FIG.  B.l  EI£CTRON  TRAJECTORY  CAU^UIATOR  AND  POISSON  CELL 
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and 


and  can  be  solved  on  an  analog  ccnputer.  In  ccmputer  notation  these 
eqiuations  take  the  foxn 

b^  -  CAV-CZ  (B.3) 

1  dT*  1  y  2 


2 

b  ^-C  AV.  +  C  Y  .  (B.4) 

1  1  *  2 

•  • 

T  is  coBputer  tine  ^rtiile  Y,  Z,  Y,  and  Z  represent  amplifier  outputs  vhlch 

are  proportional  to  the  electron's  position  and  velocity  at  a  given  Instant. 

b  >  C  ,  and  C  are  appropriate  scaling  constants  while  A  and  A  V 
X  1  2  y  2 

represent  the  difference  In  potentials  of  the  four  probes  In  the  y-and 
z -directions. 

The  circuitry  reqpired  for  the  solution  to  this  problem  Is  Illus¬ 
trated  In  Fig.  B.2.  This  flow  chart  can  be  separated  Into  five  basic 
sections^-  three  of  vhlch  are  necessazy  for  detezmlnlng  the  trajectories 
and  two  vhlch  give  an  Indication  of  the  system  accuracy. 

The  operation  performed  by  each  section  Is  fundamental  but  simple. 

The  voltages  picked  up  by  the  four  probes  as  they  move  across  the  surface 
of  the  Poisson  cell  are  first  fed  Into  the  unloading  amplifiers.  These 
signals  aire  then  transmitted  tc  the  gradient  circuit  \rtiereln  the  magnitudes 
of  the  electric  field  components  are  determined.  These  components  and  a 
constant  magnetic  field  are  simultaneously  fed  Into  the  ballistics  circuit 
vhlch  solves  the  eqjuatlons  of  motion  and  determines  the  velocity  and  posi¬ 


tion  of  the  electron 


-263- 


-264- 


The  position  signals  are  transmitted  to  the  servo-mechanisms 
which  control  the  y-and  z-motlcxi  of  the  probe  carriage  on  the  20^  K 
varlplotter.  The  probes  are  thus  moved  to  the  correct  position  at 
idilch  the  voltages  are  picked  up  and  sent  Into  the  unloading  amplifiers 
to  complete  the  operating  cycle.  The  entire  process  Is  continuous  with 
all  operations  occurring  simultaneously  and  results  In  the  trajectory 
plots  Illustrated  In  Chapter  III. 

The  voltage  circuit  detenalnes  the  average  voltage  of  the  four 
probes  which  Is  then  fed  Into  the  error  circuit  where  It  Is  compeured 
with  the  voltage  eqjulvalent  of  the  electron  velocity.  The  difference 
between  these  two  voltages  Is  a  direct  measure  of  the  error  accumula¬ 
tion  during  the  trajectory.  When  the  system  Is  operating  properly  the 
error  Is  less  than  one  percent. 


APPENDIX  C.  THEORY  OF  THE  ABBREVIATED  KINO  SHORT  GUN 


Figure  C.l  lllufjtrates  the  theoretical  Kino  short  gun  trajectories 
and  the  equipotentials  which  exist  outside  of  the  space -charge  region. 

The  relations  between  the  normalized  parameters  (Z,Y,<1>)  and  the  actual 
quantities  (z,y,(p)  are  given  by 
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and 
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(p  = 
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o  c 
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It  is  assumed  that  the  normalized  cathode  width  of  W  =  5  corresponds  to 
an  actual  value  of  w  =  0.100  inch.  Thus  specification  of  the  magnetic 
field  determines  both  the  cathode  current  density  and  the  voltage 
ratio  If  B  =  500  gauss,  the  constant  J  becomes  0.628  amp/cm  and 

y 

the  normalized  focusing  anode  voltage  of  =  25  corresponds  to  an  actual 
value  of  cp^  =  2850  volts. 

The  theoretical  gun  is  terminated  at  plane  B-B  as  indicated  in 
Fig.  C.l.  This  eliminates  the  difficulties  associated  with  the  theo¬ 
retical  infinite  space -charge  density  at  the  cju^t  =  2«  point  along  a 
trajectory.  At  the  top  of  the  exit  beam 
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and 


9  «  2000  volts 

-f 

p  >  1.2  p 

o 


while  on  the  lower  boundary 

0)  t  =  242*  , 

c  -  ^ 


9_  *  1690  volts 

and 

p_  »  0.74  p^.  . 


The  anode -sole  region  Illustrated  in  Fig.  C.2  has  been  selected  so  that 
the  Brillouin  beam  which  is  compatible  with  this  region  matches  the 
above  conditions  as  closely  as  possible.  The  location  of  the  Brillouin 
beam  above  the  sole  is  given  by 
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1  J, 


3 

o  c 


(C.4) 


Using  the  theoretical  beam  thickness  I  =  4.5  x  10  *  meter  obtained  from 
Fig.  C.l,  the  above  equation  can  be  solved  to  give 

a  =  2.28  X  10  ^  meter 


The  potential  variation  in  the  Brillculn  beam  is 
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U> 

<I>  “  2^  (y  +  2a)® 


(0.5) 


SO  that  at  the  upper  and  lower  boundaries 
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1990  volts 


f 


emd 


9^  - 

9_  *  1660  volts  . 


Thus  the  bean  thickness  and  potentials  are  nearly  the  sane  in  the  two 
regions.  However^  since  the  space-charge  density  In  the  theoretical 
Kino  flow  Is  not  unlfom  there  Is  a  discontinuity  In  p  and  hence  also 
In  the  electric  field  between  the  two  regions.  This  Is  characteristic 
of  the  Kino  electron  bean  and  cannot  be  avoided.  Thus  the  above  pre¬ 
scribed  natchlng  conditions  are  about  as  good  as  can  be  expected  between 
a  short  gun  electron  bean  and  Brillouln  flow. 


AFFOroiX  D.  ^mCTROU  NOTZOi  IH  A  FOTERIAL  NmiNUN  REGION 

The  effect  of  initial  relocity  on  the  aotion  of  an  electron 
throui^  a  prescribed  potential  ■inimi  refion  can  be  easily  evaluated. 
Consider  the  voltage  in  the  potential  ■inlJSMB  region  to  be  given  by 

9  “  ?_  ♦  r - ;=")  ^  (y-  •  y)*^*  >  (d*i) 

O 

vhers  9  is  asciuaed  to  be  independent  of  the  z -coordinate.  Iftider  these 
conditions  the  z-conponent  of  the  Lorentz  force  eqoaticm  becoiaes 

^  -  ffl  y  (D.2) 

dt  ® 

which  upon  integration  yields 

z  •  ^  *0  • 

The  electrons  are  assuned  to  be  enitted  frosi  the  cathode  with  an  initial 
velocity  v^  which  can  be  written  as 

’o  *  ’'o  *  *0  •  ’o  • 

Conservation  of  energy  requires  that  the  velocity  at  any  point  satisfies 
the  equation 

V®  «  y®  ♦  z*  ■  2n  (9  +  9q)  .  (D.5) 

Thus  at  the  i)otential  ■ininw 

*■  ■  V»**o 
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and 

y*  +  z*  »  2t\  (tp  +  o  )  .  (D.7) 

The  problem  will  now  be  to  determine  the  direction  In  which  an  electron 
of  Initial  energy  (p^  can  leave  the  cathode  and  still  be  capable  of  reaching 
the  potential  minimum  plane. 

Those  electrons  which  are  barely  able  to  arrive  at  y  =  y^  must 
have  y^  B  0  so  that  Eqs.  D.6  and  D.7  can  be  combined  to  give 

=  ±  <Pg)  -  .  (D.8) 

For  the  problem  considered  In  section  U.J, 

<P  =  -0.05  volt 
m 

and 

-e 

y  =  1.71  X  10  meter, 

m 

Assuming  the  temperature  of  the  cathode  to  be  1100 which  corresponds 
to  a  voltage  of  =  0.12  volt,  the  Initial  thermal  velocity  Is 
v^  =  2.05  X  10®  m/sec.  Substituting  these  values  Into  Eq.  D.8  results 
In 

]  »  _  /  -1.66  X  10®  m/sec. 

(  o  ~  L  X  10®  m/sec. 

which  defines  the  limits  of  the  possible  emission  angle  given  by 

z 

sin  0  =  —  .  (D.9) 

o 

Evaluation  of  the  above  equation  Indicates  that  those  electrons  emitted 
within  the  angular  Interval  -  56*  <  9  <  14^6®  are  capable  of  traversing  the 
potential  minimum  region.  Any  electron  which  Is  emitted  In  a  direction 


outsid*  of  the  tbore  Intorval  1«  rtjoetod  and  rotumed  .to  the  cathode. 
Sleetrona  which  are  ealtted  with  >  0.12  wolt  hare  a  wider  9  Interval 

for  which  they  are  able  to  reach  the  y  ■■  plane. 

r  •  * 

The  alnlaum  Initial  energy  which  an  electron  mat  have  to  reach 

the  potential  la  o.Q^  electron  volt .  which  la  the  value  of 

|q>^|.  However^  any  electron  which  leavea  the  cathode  with  this  energy 
can  reach  the  y.  plane  only  If  It  la  ealtted  In  the  optlmuD  direction. 

a 

The  velocity  correapoodlng  to  ■  0.0^  volt  la  v^  «  1.33  x  10^  metera/aec. 
and  froD  Eq.  D.8  ■  0.904  x  10^  netera/aec.  Thua  the  angle  at  which 

thla  BlninuBi  energy  electron  aiuat  leave  the  cathode  la  d  ■  -  6.3*.  The 
general  eiqpreaalon  for  the  critical  angle  can  be  obtained  by  placing 
9.^  *  I9.I  ualng  Eqa.  D.8  and  D.9*  The  reault  becontes 

O  B 


aln  $ 


(D  y 
c'b 


cr. 


(znlKjt'* 


(D.IO) 


froB  which  It  la  obvloua  that  the  critical  angle  dependa  on  the  potential 
■Inlaum  voltage  and  location  aa  well  as  on  the  magnetic  field. 


CALCULATIONS  FROM  EXPERIMENTAL  DATA 


Figure  E.l  Illustrates  a  typical  electron  beam  configuration  In 

the  anode-sole  region  of  a  crossed -field  device.  Several  methods  will 

be  used  to  estimate  the  average  space-charge  density  In  the  beam  at 

various  z -positions.  The  following  notation  will  be  used: 

cp  =  voltage  at  any  point, 

(p  B  anode  voltage, 

I  =  total  beam  current, 

I.  =  current  Intercepted  by  the  Jth  wire, 

J 

d  B  anode -sole  spacing, 

i  B  beam  thickness, 

h  =  beam  width  in  the  x-dlrection, 

b  B  distance  from  anode  to  upper  beam  boundary, 
a  =  distance  from  sole  to  lower  beam  boundary,  and 
D  =  grid  wire  diameter. 

There  are  numerous  ways  of  Interpreting  the  beam  Interception  data  and 
some  of  the  more  obvious  possibilities  will  be  considered  here. 

Case  1:  For  this  situation  the  current  density  at  a  given  wire  location 
will  be  evaluated  from  the  current  intercepted  by  that  wire 


Ccsnbining  this  result  with 


(E.l) 


(E.2) 
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-27^- 
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results  in  the  space-charge  density 


(E.J) 


However,  use  of  Eq.  E.3  to  calculate  p.  generally  results  in  values  much 

J 

smaller  than  expected.  The  principal  weakness  of  this  method  is  the  fact 
that  it  ignores  the  potential  of  the  wire.  As  mentioned  in  the  text,  the 
current  Intercepted  by  a  given  wire  is  not  only  a  function  of  the  current 
density  in  the  beam  but  also  of  the  ixDtential  difference  between  the  wire 
and  corresponding  beam  location. 

Case  2:  The  voltage  in  the  beam  is  assumed  to  be  only  a  function  of  the 
y-coordinate  at  any  cross  section.  Poisson's  equation  can  thus  be  written 


dy^ 


(E.4) 


If  p  is  assumed  constant  across  the  beam,  then  it  can  be  written  as 

p  ■=  -  -f  (i>;  -  ipi)  ,  (E.5) 


where  cp'  =  d(p/dy  and  the  cp^  and  cp'  refer  to  the  values  at  the  upper  euid 
lower  beam  boundaries  respectively.  These  values  can  be  determined  by 
plotting  the  voltages  on  the  wires  as  a  function  of  y  and  measuring  the 
appropriate  slopes  of  the  curve. 

Case  2.*  The  continuity  of  current  equation  can  be  written  as 


I 


pzdy 


(E.6) 


which  must  be  valid  at  any  z -cross  section.  The  following  assumptions 


are  then  made : 
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1.  p  B  constant  across  the  beam,  euod 

2.  z  varies  precisely  as  In  Brlllouln  flow  so  that 

z  ■  a>  (y  +  2a)  .  (E.7) 

Under  these  restrictions  Eq.  E.6  becooies 

t 

I  -  hpo)^  +  2a)  dy  (E.8) 

0 


vhlch  is  integrated  to  give 


P 


2 

hcD  l(i  +  ^) 

C 


I  . 


(E.9) 


Case  The  same  assumptions  are  made  as  in  Case  3  except  that  p  is  no 
longer  considered  constant  across  the  beam  but  rather  is  assumed  to  vary 

as 

p  ■  p  sin  ^  ,  (E.IO) 

n  z 

This  Implies  a  maximum  density  at  the  center  of  the  beam  (y  >  i/2).  On 
this  basis  Eq.  E.6  becomes 

i 

I  *  J*  ^  ^  (E.ll) 

0 


vhich  results  in 


m 


hcD^i(i  +  ^♦a) 


(E.12) 


Thus  p  is  x/2  times  the  result  given  by  Eq.  E.9.  Any  one  of  the  pre 
m 

ceding  methods  could  be  used  to  obtain  qualitative  values  of 
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spacf* -charge  density  from  the  experimental  grid  wire  interception  data. 
The  values  obtained  in  Chapter  VII  were  calculated  by  the  methods  des¬ 
cribed  in  cases  3  euid  4. 


APPENDIX  F.  INTERPRETATION  OF  THEORETICAL 


APERTURE  SYSTEM  BEHAVIOR 

Figure  F.l  illustrates  the  trajectory  of  an  electron  as  it  moves 

between  the  grid  wires  and  passes  through  the  aperture  into  the  deflec- 

ticm  regicxi.  A  space-charge-free  Poisson  cell  analysis  of  the  motion 

was  performed  in  order  to  evaluate  the  effect  of  the  aperture  plate  and 

grid  wires  cm  the  electron  trajectory.  The  design  voltage  for  the 

aperture  plate  is  (p  which  is  intermediate  between  the  potentials  of 

1 

the  two  wires  which  are  located  above  and  below  the  aperture.  As  q)^ 

was  changed  by  ±  10  percent,  the  trajectory  angle  (0^)  of  the  electron 

at  the  aperture  plane  was  found  to  differ  by  less  than  one  degree  from 

the  9  case;  i.e.,  for  a  design  value  of  500  volts  the  aperture  plate  can 
1 

be  operated  between  450  and  550  volts  without  significantly  changing  0^. 
The  reason,  of  course,  is  that  the  grid  wire  potentials  prcjvide  the 
correct  electric  field  for  the  electrons  until  they  pass  the  grid  wires 
plane.  Beycmd  this  plane  the  electrons  experience  some  effect  due  to 
the  aperture  plate.  However,  the  distcuace  between  the  grid  wires  and 
the  aperture  is  so  small  and  the  electron  velocity  so  great  that  the 
electrons  reach  the  aperture  plate  before  any  significant  change  in  tra¬ 
jectory  can  occur. 

This  behavior  has  also  been  verified  analytically  by  considering 

the  electron  to  experience  zero  E  in  the  region  between  the  grid  wires 

Y 

and  the  aperture  and  comparing  this  trajectory  with  that  obtained  when  E 

y 

is  the  usual  value  in  a  planar  crossed- field  region.  The  trajectories 
for  each  situation  were  found  to  be  essentially  the  same  (less  than  4 
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FIG.  F.l  ELECTRON  TRAJECTORY  IN  THE  DEFLECTION  REGION 


OF  THE  APERIURE  SYSTiM 


-280- 


degrees  difference  in  0^)  thus  Indicating  that  the  aperture  plate  does 

not  distort  the  motion  to  any  great  extent. 

The  motion  of  the  electron  in  the  deflection  region  can  be  analyzed 

by  again  referring  to  Fig.  F.l.  The  electron  is  assumed  to  pass  through 

the  aperture  with  a  kinetic  energy  ■  |q.|<PQ  and  at  an  angle  with 

respect  to  the  z-axls.  The  aperture  and  deflection  plates  are  biased 

at  potentials  and  9  respectively.  The  ballistics  equations  in  the 
1  2 

deflection  region  can  be  written  as 


dt2 


-  tt)  z 
c 


(F.l) 


and 


d^z 

5t2 


(F.2) 


where  ^  «  (p  -  <p  and  L  is  the  spacing  between  the  aperture  and 
2  1 

deflection  plates.  The  kinetic  energy  of  the  electron  at  any  point 
alcxig  the  trajectory  Is  given  by 


^  =  z^  +  ^  +  2tj(9  -  9^)  •  (F.3) 

The  above  assumes  that  the  energy  of  the  electrcxi  is  conserved  during 
its  motion  through  the  deflection  region.  As  the  electron  reaches  the 
deflection  plate,  Eq.  F.3  becomes 


.  21)  9^  .  -  2ti£9 


(F.4) 


irtiere  Zj  and  y  refer  to  the  velocity  components  at  z  s  L.  Under  cut- 

li 

off  conditions  the  electron  trajectory  is  tangential  to  the  deflection 
plate  so  that  z.  «  0.  Integration  of  Eq.  F.l  gives 


-  o)  L  ♦ 
c 


(F.5) 


/ 
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which  when  combined  with  Eq.  F.4  results  in 

=  OJ^L  ±  (F.6) 

and 

-  2q^  ?  ao^L  >/2T)(q)^  +  £sp)  .  (F.7) 

The  above  indicates  that  an  electron  entering  the  aperture  with  energy 
qcp^  and  angle  d  will  be  cut  off  when  ^  reaches  a  value  given  by 

sin  G.  =  — - —  ±  >/ 1  +  ^/cp  .  (F.8) 

- 

Thus  there  are  some  values  which  are  capable  of  cutting  off  electrons 

which  enter  in  both  the  and  0  directions.  The  double  sign  occurs 

because  those  electrons  which  enter  with  0  >0  (where  sin  0 

+  m  m 

^  oi^L/  ^2Tfp^  )  can  be  prevented  from  reaching  the  deflection  plate  only 

if  they  are  forced  to  curve  in  a  counter-clockwise  direction  whereas 

those  electrons  which  enter  witl.  0  <0  undergo  clockwise  rotation  as 

-  m 

reaches  the  cut-off  condition.  Consequently  the  ^  values  within  a 
certain  range  are  capable  of  cutting  off  two  classes  of  electrons  corre- 
6i>onding  to  0^  eind  0  .  Figure  F.2  illustrates  a  0  vs.  plot  for 

typical  operating  conditions. 

In  reality,  however,  things  are  more  difficult  than  suggested  by 
the  above  discussion.  The  difficulty  arises  because  in  general  neither  0 
nor  q)^  is  known  for  the  electrons  entering  the  aperture.  Thus  it  is 
necessary  to  make  some  assumption  concerning  one  of  these  two  quantities. 
If  either  0  or  cp^  is  known  it  is  relatively  simple  to  determine  the  other 
For  this  reason  it  will  be  helpful  to  consider  separately  the  situation 
in  which  electrons  enter  in  the  same  direction  but  with  a  velocity  distri 
bution  and  that  in  which  they  enter  with  the  same  energy  but  in  different 


directions. 


AT  AH  AHGIH  e.  (V  >  -1200,  B  «  29^) 
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Case  1.  The  electrons  pass  through  the  aperture  In  the  same  direction. 
The  problem  can  be  considered  for  any  arbitrary  direction  although  the 
analysis  Is  simplified  If  9  Is  selected  to  be  0.  In  this  case  the  rela¬ 
tionship  between  the  entering  velocity  and  the  cutoff  lap  value  can  be 
written 


-  21)  ^ 


(F.9) 


The  Incoming  electrons  are  assumed  to  have  a  velocity  distribution  given 
by  n(z^)  which  Is  the  number  of  electrons  per  second  per  unit  area 
passing  through  the  aperture  with  n  velocity  z^.  The  total  current 
carried  by  the  electrons  Is  given  by 


(P.IO) 


where  A  =  aperture  area, 

^  lowest  velocity  of  the  entering  electrons,  and 

z  ^  maximum  velocity  of  the  electrons. 

B 

The  entire  current  will  reach  the  deflection  plate  until  £sp  becomes  small 
enough  to  turn  back  some  of  the  electrons.  As  ^  is  reduced  the  lower 
velocity  electrons  are  cut  off  first.  For  any  given  ^  the  current 
reaching  the  deflection  plate  can  be  written  as 


(F.ll) 


where  the  lowest  velocity  limit  is  determined  from  Eq.  F.9»  Some  of 
the  more  interesting  n(z^)  distributions  will  be  considered  below  for 
a  magnetic  field  of  267  gauss. 
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a.  All  electrcxis  enter  with  the  eaiae  z^.  Assume  the  electrons 

enter  with  z  «  1.19  x  10*^  meters /sec  \rtilch  corresponds  to  cp  =  400 
o  o 

volts.  In  this  case  it  is  found  from  Eq.  F.9  that  a  cutoff  condition 
will  occur  at  £sp  ■  -3^4  volts.  Figure  F. 3  illustrates  the  situation  from 

idilch  it  can  be  seen  that  I  drops  sharply  to  0  at  -364  volts. 

2 

b.  n(z  )  «  N  for  z.  <  z  <  z«.  The  case  in  which  there  is  tne 

o _ A  o  B 

same  number  of  electrcnis  for  each  velocity  is  Illustrated  in  Fig.  F.4a. 
The  velocity  limits  are  selected  to  correspond  to  9  =  225  volts  and 

o_  ■  625  volts  resulting  In  the  cutoff  conditions  of  isf.  *  -109  and 

A 

,\p^  a  -589  respectively.  Using  Eqs.  F.IO  and  F.ll  results  in  the  current 
B 

expressions 


«  N  (1  A  (ig  -  (F.12) 

and 

.  NqA(Zg-z^)  .  (F.I3) 


The  graph  of  I  /l^ 
2  o 


vs.  ^  results  in  a  parabolic  curve  as  illustrated 


in  Fig.  F.4b. 

c.  n(z  )  =  N  sin  [(i_-z  /z_  -  z  )x]  f or  z.  <  z  <  z_.  The  distri- 
O  C  O  B  A  A _ O _ B 

buticn  is  illustrated  in  Fig.  F.5a  indicating  that  there  is  an  inter- 
fliedlate  velocity  for  which  n(z^)  has  the  maximum  value  N.  The  current 
reaching  the  deflection  plate  for  any  value  assumes  the  form 


I 

2 


1 


-  COS 


K 


(F.14) 


The  graph  of  I  /I^ 
2  o 


vs.  ^  is  illustrated  in  Fig.  F.5b  where 
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b.)  VARIATION  OF  CURRENT  REACHING  THE  DEFLECTION  PLATE 

FIG.  F.V  BUCHKV  velocity  DISnUBUnOB  AHD  DEFLBCTKH  PIAIE 
CURREET  VARIAnOR.(B  «  LoO  GAUSS) 
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b.)  VARIATION  OF  CURRENT  REACHING  THE  DEFLECTION  PLATE 

FIG.  F.5  ElfiCTRCW  VELOCITY  DISTOIBUnCW  AHD  MSFIECTIOE  PIAIE 
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(F.15) 


is  the  total  current  passing  through  the  aperture. 

d.  n(z  )  =  N  exp  {-k[z  -  (z  +  z_/2)]^)for  z.  <  Z-  <  z  •  This 

_ O _ O _ _ n _ A _ O _ B 

cue  (k  s  constant)  has  been  included  to  Indicate  the  great  similarity 

to  the  previous  n(z^)  distribution.  This  distribution  is  plotted  in 

Fig.  F.6  along  with  the  case  (c)  distribution  for  comparison.  The  two 

curves  are  fairly  similar  and  thus  Indicate  that  the  I  /l  vs.  ^  curve 

2'  o  • 

for  the  exponential  variation  should  closely  resemble  the  sinusoidal 
variation.  The  current  reaching  the  deflection  plate  can  be  expressed 
in  Integral  form  as 


«  a  A  exp  j-k  .  (P.16) 


The  solution  to  this  equation  results  in  an  expression  for  involving 
the  error  function  of  [z^  “  ^ 

Case  2;  The  electrons  pass  through  the  aperture  vith  the  same  energy. 
The  energy  of  the  electrons  is  given  by  m(^  +  =  q  9^*  For  any 

given  (p^  the  Css^  required  to  cut  off  those  electrons  entering  at  an  angle 
0  can  be  calculated  from  Eq.  F.8.  In  the  discussion  that  follows  n(d) 
represents  the  number  of  electrons  per  second  per  unit  area  which  pass 
through  the  aperture  with  energy  q  and  angle  9.  Thus  the  evaluation 
of  the  total  current  through  the  aperture  results  in 


■/ 


n(  0 )  q  A  d©  , 


(F.17) 
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i^ere  9^  emd  9^  represent  the  extreme  angles  of  the  Incosilng  electrons. 
This  Integration  is  not  as  simple  as  it  appears  because  of  the  two  possi¬ 
ble  solutions  of  Eq.  F.8  within  certain  ^  Intervals.  Thus  whenever 
9^  >  9  the  proper  evaluation  of  Eq.  F.l?  requires  integration  alcxig  the 
9  vs.  Ap/<p^  curve.  The  Integration  would  thus  be  performed  in  two  steps, 

the  first  having  9.  and  9  as  limits  and  the  second  having  9  and  9_. 

Am  m  B 

The  same  precaution  must  be  used  in  evaluating  the  current  reach¬ 
ing  the  deflecticxi  plate  when  a  portion  of  the  electrons  are  being  cut 
off.  Under  such  conditions  the  current  can  be  expressed  as 

I  « 

2 

9 


/ 


n(9)q  A  d9 


(F.18) 


irtiere  $'  reiuresents  either  9^  or  the  positive  angle  associated  with  Eq. 


To  illustrate  the  types  of  I  curves  expected  for  various  9.  -  9_ 

2  A  B 

ranges, consider  the  case  where  the  angular  distribution  of  elections  in 
the  incoming  stream  can  be  expressed  as 


n(9) 


N  sin 


(F.19) 


The  distribution  is  illustrated  in  Fig.  F.7a»  The  specific  values  of 

9.  and  9_  determine  the  shape  of  the  deflection  plate  current  curve  as 
A  B 

illustrated  in  Fig.  F.T^.  This  figure  includes  three  cases: 


1. 

»A 

=  0«,  9g  -  45% 

2. 

»A 

=  -25%  9g  -  25® 

3. 

«A 

=  -45®,  dg  -  0® 

n(9)/N 
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FIG.  F.7a  DISTRIBUTION  FOR  El£CTRORS  ENTERING  THE 


AFERRIRE  AT  DIFEEREIfr  ANGIES. 


n(9)  *  N  tin 
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AHGULAR  DISroiBUncaC.  (V  =  -lllOO,  B  =  278,  =  596) 


-295- 


for  the  conditions  B  =  278  gauss,  =  -l400  volts,  euid  «  596  volts. 

The  $  vs.  curve  for  this  case  is  illustrated  in  Fig.  F.Tc  and 

provides  an  explanation  for  the  three  curves.  In  the  first  case  the 

curve  drops  off  sharply  because  almost  every  ^  value  cuts  off  the 

two  groups  of  entering  electrons  as  given  by  Eq.  F.8.  In  the  second 

case  the  curve  decreases  more  slowly  because  most  of  the  ^  values 

prevent  only  cne  0  group  of  electrons  from  reaching  the  deflection  plate. 

Finally  the  last  case  results  in  a  rather  slow  decrease  in  I  to  zero 

2 

since  each  0^^  <  0  <  0^  requires  a  different  ^  to  prevent  the  electrons 

associated  with  that  angle  from  reaching  the  deflection  plate. 

It  is  quite  apparent  that  a  good  picture  of  the  0  distribution  of 

the  incoming  electrons,  and  especially  of  the  0  and  0  limits,  can  be 

obtained  from  the  shape  of  the  I  curve.  However,  the  evaluation  of 

2 

specific  experimental  data  to  arrive  at  a  quantitative  value  for  n(0) 
is  generally  not  possible  without  further  information.  The  difficulty 
is  the  lack  of  knowledge  concerning  the  energy  distribution  of  the 
electrons  as  they  enter  the  apertur^ . 
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A 

A 


a 

a 

jk 

B 

b 

b 

D 

d 


E 


E. 


E. 


a -8 


E 


exit 


E 


2 

H 

h 

I 

I 


Area  of  opening  in  aperture  plate. 

Magnetic  vector  potential. 

Distance  between  the  lower  boundary  of  the  beam  and  the  sole. 

Normalized  distance  defined  as  a  b  a/d. 

D-c  magnetic  field  vector  with  components  B,0,0  In  the  x-, 
y-  and  z -directions  respectively. 

Distance  between  the  upper  boundary  of  the  beam  and  the  anode. 
Normalized  distance  defined  as  b  =  b/d. 

Diameter  of  grid  wires  used  In  the  experimental  work. 

Anode -sole  spacing. 

Electric  field  vector, 
y-component  of  electric  field, 
z -component  of  electric  field. 

Electric  field  value  in  the  anode -sole  region. 

Electric  field  value  at  the  exit  plane  of  the  electron  gun. 
Electric  field  within  a  BrlUouln  beam. 

Hamiltonian  function. 

Beam  width  In  the  direction  of  the  magnetic  field. 

Electron  beam  current. 

Normalized  current  defined  as  I  ^  nl/e  d®h. 

'  o  c 

Anode  current. 

Collector  current. 

Deflection  plate  current. 

Focusing  anode  current. 

Cathode  current. 

Total  current  passing  through  the  aperture. 
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J 


<J  > 
z 

K 

L 


t 

1 


m 

A 

n 

n(e) 

p 


Sole  current. 

Current  density  vector. 

Cathode  current  density. 

Exi)erimei-tal  cathode  current  density,  average  value. 

Constant  y -component  of  current  density  as  used  in  the  Kino 
theory. 

2 -component  of  current  density. 

Average  value  of  J  . 

z 

Beam  convergence  ratio  defined  as  K  =  W/f. 

Lagrangian  function.  (Also  used  as  spacing  between  aperture 
plate  and  deflection  plate.) 

Experimental  values  of  the  period  of  an  undulating  electron 
beam. 

Theoretical  period  for  electron  motion  in  constant  crossed 
electric  and  magnetic  fields. 

Average  periods  associated  with  the  upper  and  lower  boundaries 
of  an  undulating  beam. 

Beam  thickness  (y-direction) . 

Normalized  value  of  beam  thickness  defined  as  i  =  //d.  (Also 
used  as  the  average  thickness  during  one  period.) 

Mass  of  an  electron. 

Unit  vector  in  the  direction  normal  to  the  electron  trajectory. 
Velocity  distribution  of  electrons  passing  through  the  aperture. 
Angle  distribution  of  electrons  passing  througii  the  aperture. 
Power . 

The  total  power  which  is  available  in  a  Brillouin  beam. 

The  total  ix)wer  which  is  available  in  the  beam  at  the  cathode. 
Generalized  momentum  in  the  direction  defined  as  p^  =  dL/dq^ . 
Charge  of  an  electron. 

Generalized  coordinate . 


«<>  «<.  K  H>  K*  <  <y’ 


.500- 


s 

t 

u 


V 

s 


'm 


Z 


z 

A 

Z 

z,  <z> 


z 


o 


A9 


Generalized  velocity. 

Normalized  current  density  defined  as  S  =  (c^co^/tjJ yP^)J. 
Time  coordinate. 

Normalized  velocity  defined  as  u  '  (ega)*AJy)v. 

Velocity  components  in  phase  space. 

Anode  voltage  with  respect  to  ground. 

Voltage  difference  between  anode  and  sole. 

Cathode  voltage  with  respect  to  ground. 

Focusing  anode  voltage. 

Sole  voltage. 

Vector  velocity  of  an  electron. 

Cathode  dimension  in  the  z -direction, 
x-component  of  electron  velocity. 

Unit  vector  in  the  x-direction. 

Normalized  distance  in  the  Kino  theory  defined  as 

y-component  of  electron  velocity. 

Unit  vector  in  the  y-directlon. 

Distance  between  cathode  and  potential,  minimum. 

Initial  y-posltlon  of  electron. 

Normalized  z-dlstaince  in  the  Kino  theory  defined  as 

Z  r:  (c^toVnJ  )(z  -  z  ). 

'  o  c'  '^y^  o 

z -component  of  electron  velocity. 

Unit  vector  in  the  z -direction. 

Average  value  of  z. 

Initial  z -position  of  electron. 

Potential  difference  between  aperture  plate  and  deflection 

plate  defined  as  ^9  »  9  -  9  . 
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€  Dielectric  constant  of  free  space, 

o 

Tj  Charge -to-mass  ratio  of  l;.  electron  defined  as  tj  =  lq|/m. 

Tjg^  Theoretical  electronic  efficiency  for  a  Brillouin  beam. 

Electronic  efficiency. 

0  Angle  variable  describing  direction  of  electron  travel  at 

any  point. 

<9>  Average  value  of  9. 

9  Critical  angle  of  emission  from  the  cathode  in  order  for 

an  electron  to  reach  the  potential  minimum  plane. 

0^  Direction  in  which  an  electron  passes  through  the  aperture. 

^  Normalized  distance  defined  as  ^  =  2Jt  -  Y. 

p  Space -charge  density. 

<p>  Average  value  of  p  at  the  aperture. 

2 

Brillouin  space-charge  density  defined  as  =  -  c^nB  . 

'll  Normalized  potential  defined  as  <1>  = 

o  c  '  y 

<I)  Normalized  anode  potential  defined  as  'll  =  2^9  /cu^d^. 

Si  &  St  c 

9  Electric  potential  relative  to  the  cathode. 

9^  Anode  potential. 

^aux  Auxiliary  electrode  potential. 

9^  Focusing  anode  potential. 

9  Potential  minimum  plane  voltage.  (Also  used  as  the  mean  beam 

voltage  in  Eq.  2.25* ) 

9^  Voltage  equivalent  of  electron  energy  at  a  specified  point. 

<9^>  Average  vai.ue  of  9^. 

9  Aperture  plate  potential. 

1 

9  Deflection  plate  potential.  (Also  used  as  the  potential 

^  in  a  Brillouin  beam,  Eq.  2.1.) 

♦  Angle  of  trajectory  for  Kino  flow  defined  as  tan  \|f  =  dy/dz. 

0)^  Cyclotron  radian  frequency  defined  as  =  tjB. 


